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Preface to the Fifth Edition 


In the life of every successful book there comes a period when simple 
expansion and updating is not enough. Now is that time for Muscles 
Alive. Although in its fourth edition it still enjoys a gratifying success 
requiring reprintings and translations to meet the demand; cosmetic 
changes must be avoided; and who better than my former graduate 
student, now a distinguished scientist, to join me in this fresh approach. 

Dr. De Luca has become a co-author with wide powers to rewrite great 
sections of the book, particularly the important chapters that might be 
called basic EMG, Kinesiology, and Neurophysiology. Retaining such 
earlier material as is still significant, he has woven a text that is bright 
and very useful to all who rely on this book for authoritative facts and 
opinions. 

Changes have not been confined to the basic EMG sections. I have 
revised and interwoven new materials (including hundreds of new cita- 
tions) into the sections on regional kinesiology. Thus Muscles Alive enters 
its twenty-third year of life as a vigorous young adult and not a jaded 
old warrior. My hope is that this renewal made possible by Dr. De Luca’s 
joining me will not only serve its community of scholars well today, but 
that in the future it will grow even more useful and be very much alive. 


John V. Basmajian 
Hamilton, 1985 


Preface to the First Edition 


ALMOST a hundred years ago, Duchenne concluded the preface of 
his epoch-making Physiology of Motion with the remark that after ten 
years of continuous research his task was completed with the writing of 
his book. After a similar period of some ten years of intense research on 
muscle function by a modern electronic technique that Duchenne himself 
would have enthusiastically employed, I have brought together into this 
book my own findings and those of many others from all over the world. 
Pleased as I am to be completing my present toil, my main feeling is one 
of renewed and profound admiration for the old master who, single- 
handed and against considerable opposition, produced a work that has 
stoutly withstood a century’s buffeting. True, many modifications of his 
teaching have been dictated by clinical observations (particularly by 
Beevor) and by the electromyographic findings to be described in this 
volume. What impresses me most, however, is that this book will in no 
way replace or even subordinate his. On the contrary, it will complement 
and illuminate it, as did Beevor’s Croonian Lectures On Muscular Move- 
ment to the Royal College of Physicians of London in 1903. I would like 
to hope, then, that this work will be accepted kindly as the direct and 
vigorous lineal descendant of the works of Duchenne and Beevor. 

In particular, this book is intended for all those who deal with living 
muscles and movement, and I have consciously tried to make it indis- 
pensable for such workers. These include physiologists, zoologists, and 
anatomists, and their students; orthopedic surgeons, kinesiologists, phys- 
ical medicine specialists and therapists; neurologists; and physical edu- 
cationists. Indeed, it is difficult to stop the list there because the chapter 
on normal pharyngeal and laryngeal muscles and another on eye muscles 
will be of special interest to specialists in those fields. Such chapters were 
especially meant to be comprehensible to ordinary scientific readers as 
well. 

Finally, it is my fond hope that the reader will soon discover that this 
book is not just another treatise on standard kinesiology, a subject that 
is already quite adequately dealt with by an impressive (and sometimes 
oppressive) series of books. Nonetheless, the informed reader will soon 
detect that it includes a great deal of both old and new information that 
rightfully belongs in standard kinesiology textbooks but which has not 
been generally available to their authors. 


vii 


Acknowledgments 


The list of people who have contributed to the success of this book 
over more than two decades grows longer each year. In previous editions 
special mention was made of those who acted as midwives at its birth: 
Otto Mortensen, J. C. B. Grant, R. G. MacKenzie, Phillippe Bauwens, 
w. A. Hawke, W. T. Mustard, A. W. Ham, A. N. Mitchell, and Glen 
Shine. A long list of others may be found in the previous edition of 
students and associates who helped the senior author through four 
editions. 

We now add our warmest thanks to our wives, Dora and Chris, who 
have tolerated the diversion of our time and thoughts to the production 
of the fifth edition. There is no question that writing a book compares 
with a minor marital infidelity. Therefore we crave forgiveness, too. We 
also thank our secretaries, Jane Eaid in Hamilton and Kimberly Hood in 
Boston, for significant help with production. The junior author wishes 
to acknowledge the varied contributions of associates and past students. 
He is indebted to Allen L. Cudworth and Liberty Mutual Insurance Co. 
for the support which made possible the realization of some of the 
concepts reported in this book. To all, many thanks; we hope you will 
be pleased with the results. 


John V. Basmajian 
Carlo J. De Luca 


Contents 

Preface to the Fifth Edition ...............0c00. V 
Preface to the First Edition ...................0. Vil 
ACKMOWICGGINENES 6 nos cee ee cee eset per eedxeyes ix 
CHAPTER 1. Introduction ..............000005 1 


CHAPTER 2. Apparatus, Detection, and Recording 


GRDINGUES 6 5 a0: sin dats wk dats 19 
CHAPTER 3. Description and Analysis of the EMG 
Sith: sctiraes chiswei es ee eats a4 65 


CHAPTER 4. Decomposition of the EMG Signal and 
Analysis of the Motor Unit Action 


Potetitial Teinis ss coe eee fe cs 101 
CHAPTER 5. Control Properties of Motor Units.... 125 
CHAPTER 6. Conscious Control and Training of 

Motor Units and Biofeedback .... 168 
CHAPTER 7. EMG Signal Amplitude and Force.... 187 


CHAPTER 8. Muscle Fatigue and Time-Dependent 
Parameters of the Surface EMG 


MCU eka to casa see Waa oma 201 
CHAPTER 9. Muscle Interactions ............... 223 
CHAPTER 10. Miscellaneous Neural Influences .... . 245 
CHAPTER Th, Postapet: bissiia os eh eee cee weesnes 252 
CHAPTER-T2:) UppeP Litab sis 6 cc ca ca eas eh ese es 265 
CHAPTER 13. Wrist, Hand, and Fingers........... 290 
CHAPTER 14> Lower LimbBi's a ee ce cca 310 
CHAPTER UG "Back 2, Sac a healed ae wel edi wade 354 
CHAPTER 16. Human Locomotion............... 367 
CHAPTER 17. Anterior Abdominal Wall and 

POTiINGUIN .. o6 e« nas naeee cena 389 
CHAPTER 18. Muscles of Respiration............. 408 


CHAPTER 19. Mouth, Pharynx, and Larynx........ 429 


xi 


xii CONTENTS 


CHAPTER 20. Muscles of Mastication, Face,and Neck 447 

CHAPTER 21. Extraocular Muscles and Muscles of 
Middle Ear 470 

CHAPTER 22. Motor Nerve Conduction Velocity and 
Residual Latency 482 


EO ee 


CHAPTER 1 
) Introduction 


Electromyography is the study of muscle function through the inquiry 
of the electrical signal the muscles emanate. 

Inherent movement is the prime sign of animal life. For this and many 
other reasons, man has shown a perpetual curiosity about the organs of 
locomotion in his own body and in those of other creatures. Indeed, 
some of the earliest scientific experiments known to us concerned muscle 
and its functions. 

With the reawakening of science during the Renaissance, interest in 

muscles was inevitable. Leonardo da Vinci, for example, devoted much 
of his thought to the analysis of muscles and their functions. So, too, did 
the acknowledged “father” of modern anatomy, Andreas Vesalius, whose 
influence through his monumental work, the Fabrica, extends down to 
this day. In one sense, however, the heritage of Vesalius was unfortunate 
because it stressed the appearance and the geography of dead muscles 
rather than their dynamics (Fig. 1.1). 
During subsequent years, a series of scientists gave life back to the 
muscles. The first logical deduction of muscle-generated electricity was 
documented by Italian Francesco Redi in 1666. He suspected that the 
shock of the electric ray fish was muscular in origin and wrote, “It 
appeared to me as if the painful action of the electric ray was located in 
these two sickle-shaped bodies, or muscles, more than any other part” 
(Biederman, 1898). The relationship between electricity and muscle 
contraction was first observed by Luiggi Galvani in 1791. In his epoch- 
making experiments, he depolarized the muscles of a frog’s legs by 
touching them with metal rods (see Fig. 1.2). His concept of “animal 
electricity” was enthusiastically received throughout Europe. Galvani’s 
original book, De Viribus Electricitaits, has been translated into English 
by Green (1953). This discovery is generally acknowledged as represent- 
ing the birth of neurophysiology, thereby making Galvani the father of 
this field which continues to expand rapidly. 

Many rushed to confirm Galvani’s results and praise his discovery. 
Among them was Alessandro Volta, who initially embraced the discovery 
and in retrospect wrote “it contains one of the most beautiful and 
surprising discoveries and the germ of many others” (Volta, 1816). But, 
within two years, in 1793, Volta questioned Galvani’s findings by proving 
that dissimilar metals in contact with an electrolyte (such as those present 
in body tissues) would generate an electric current. In the following year 
Galvani reaffirmed his concept when he found that a muscle contraction 
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Figure 1.1. A “muscle-man” from Vesalius’ Fabrica. (From a rare 1555 edition in 
the Library of Queen’s University.) 
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Figure 1.2. Galvani’s demonstrations of the effects of electricity on muscles of 
frogs and sheep. (From Fulton’s reproduction of a plate in Galvani’s De Viribus 
Electricitatis in Motu Musculari Commentarius, 1792.) 


could be elicited by placing the free end of a nerve across a muscle 
without the intervention of metals. 

However, Volta’s blow was so powerful that the concept of animal 
electricity was not discussed meaningfully for four decades. The engi- 
neering development of Volta, in providing a device for generating 
electrical currents and stimulating muscles conveniently, was not 
matched by a comparable engineering development in providing equip- 
ment and techniques to detect the electrical current in the muscles. In 
1820, Schweigger built the first practical galvanometer based on Oerst- 
ed’s discoveries on magnetism. Five years later Nobili improved the 
sensitivity by compensating for the torque of the earth’s magnetic field. 
Using this improved galvanometer, Carlo Matteucci in 1838 finally 
proved that electrical currents did originate in muscles. In 1844 he 
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wrote, “The interior of a muscle place in connection with any part 
whatsoever of the same muscle. . .produces a current which goes in the 
animal from the muscular part to that which is not so.” 

The work of Matteucci attracted the interest of the Frenchman Du- 
Bois-Reymond, who in 1849 was the first to report the detection of 
voluntarily elicited electrical signals from human muscles. DuBois-Rey- 
mond’s achievement was an example of ingenuity and stalwartness. He 
devised a surface electrode which consisted of a wire attached to a 
blotting paper immersed in a jar of saline solution. Figure 1.3 is a 
reproduction of Figure 147 in his book. This diagram demonstrates the 
recording apparatus. He found that when the fingers were immersed in 
the saline solution, and the arms and hand were contracted (as shown in 
the figure) the deflection on the galvanometer was minute (approxi- 


Figure 1.3. Depiction of the first recorded detection of the EMG signal from 
human muscles during voluntary contraction. (From Figure 147 of the book “Uber 
Thierische Elektricitat” by Du Bois-Reymond published in 1849.) 
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mately 2 to 3°). He realized that the impedance of the skin reduced the 
current which he could detect to drive the galvanometer. He circum- 
vented this problem by inducing a blister in each forearm. Then he 
removed the skin and placed the open wounds in contact with the saline 
solution of the electrode. Upon contraction he measured a sizable de- 
flection (65°) on his galvanometer. He repeated the contraction three 
times for each arm and always obtained similar results. To remove doubt, 
he repeated the whole experiment several weeks later, after the original 
wounds had healed. He obtained the same results. 

However, measurements from human musculature remained unwieldy 
until the metal surface electrode was employed by the German Piper 
(1907). The detection techniques were further simplified with the advent 
of the cathode ray tube, which was invented by Braun (1897) and was 
first used to amplify action potentials in conjunction with a string galva- 
nometer by Forbes and Thacher (1920). Two years later, Gasser and 
Erlanger (1922) used a cathode ray oscilloscope in place of the galvanom- 
eter, which up to this time was the sole apparatus able to “show” the 
signals from the muscles. This application, along with their wise inter- 
pretation of the action potentials which they were able to “see,” earned 
Gasser and Erlanger a Nobel Prize in 1944. 

During the 19th century, the capability of detecting the electromyo- 
graphic or myoelectric signal from a human remained a sophisticated 
and delicate venture. As such, it was mastered only by a few, and useful 
achievements were slow in coming. On the other hand, the task of 
electrically stimulating a muscle by applying current through the skin 
was relatively simple and gained wide attention. In fact, many unqualified 
charlatans rushed to exploit its novelty by claiming that a “properly” 
applied dose of electricity could perform miraculous cures on a wide 
variety of ailments ranging from tic douloureux to chronic functional 
disorders (Holbrook, 1959). 

However, among this morass of deceptions flowered the work of few 
individuals who remained true to the scientific inquiry. Towering above 
them was the Frenchman Duchenne, who in the middle of the past 
century, skillfully applied electrical stimulation to investigate systemati- 
cally the dynamics and functions of intact skeletal muscles (Figure 1.4). 
His immortal work, Physiologie des Mouvements, is now available in an 
English edition (translated by E.B. Kaplan). No one before or after has 
contributed so much to our understanding of muscular function, al- 
though Beevor’s (1903) work cannot be ignored. 

It was only natural that the business of detecting electric signals from, 
and applying electric currents to, muscles should attract the attention of 
an electrical engineer. Such was the case for the Englishman Baines, who 
published his works in 1918. He argued that appropriate technical 
considerations should be administered before obtaining or interpreting 
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Figure 1.4. Duchenne’s illustration of electrical stimulation of muscles. 


data related to electrophysiological phenomena. This call still echoes 
among the numerous abuses that have been promulgated throughout 
the past seven decades. Baines was the first to formalize the analogy 
between the propagation of pulses in a nerve trunk and an electric cable. 
This approach subsequently became known as the cable theory. He 
initiated the concept of modeling parts of the nervous system with 
electrical circuits in attempting to explain their behavior (see Fig. 1.5). 
It may be said that he was the first biomedical engineer. 

With the introduction of vacuum tube amplifiers, the task of detecting 
the electromyographic signal was greatly simplified. Soon the new “art” 
of electromyography was put to practical usages in the clinical environ- 
ment. The first successful attempt at detecting a signal from a dysfunc- 
tional muscle was made by Proebster (1928) who obtained “tracings” 
from a muscle with peripheral nerve paralysis. 

However, the impact on the clinical community occurred after the 
introduction of the needle electrode by Adrian and Bronk (1929). This 
approach, for the first time, enabled us to observe the electrical activity 
associated with individual muscle fibers (or small groups of muscle fibers). 
Although Adrian and Bronk’s motivation was the investigation of the 
motor control schemes which acted on the muscle, the immediate impact 
was on the clinical community. The use of the needle electrode was 
methodologically exploited by Buchthal and his colleagues during the 
1950s and 1960s. 

As the quality and availability of electronics apparatus improved; 
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Figure 1.5. First known electrical model of the nervous system. Published by 
Arthur E. Baines in 1918. He was possibly the first biomedical engineer. (Repro- 
duced from Figures 106 and 107 of his book.) 


anatomists, kinesiologists, and orthopedic surgeons began to make in- 
creasing use of electromyography. The first study that gained wide 
acceptance was that of Inman et al (1944), who reported their work on 
the movement of the shoulder region. However, kinesiological studies 
proliferated only after the appearance of the electrically stable silver- 
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silver chloride surface electrode and the nonobtrusive inserted wire- 
electrode which appeared on the scene circa 1960. 

In 1960, a group of Russian engineers led by Kobrinsky revealed the 
design of a hand prosthesis controlled by myoelectric signals detected 
from the forearm muscles. This demonstration excited the engineering 
and rehabilitation community. Engineers in Canada, England, Sweden, 
Austria, and the USA rushed to explore and exploit this new area. Their 
interest was fueled by funds made available to provide replacement limbs 
for numerous children who were born with undeveloped limbs due to 
the ingestion of the drug thalidomide by their mothers during pregnancy. 
Although the work of the Russians generated the excitement, it should 
be mentioned that the earliest recorded effort to employ electromyo- 
graphic signals for controlling prostheses should be accorded to Reinhold 
Reiter, who applied for a patent describing the concept in 1945 in 
Germany. 

Thus, we have seen that during the past two centuries a wide variety 
of individuals of diverse training have been fascinated by and have 
contributed to the understanding of the electrical phenomenon which is 
associated with a muscle contraction. The contents of this book were 
chosen to describe the more recent developments in electromyography 
which are the heirs of all the efforts that have preceded. 


TERMINOLOGY 


Sure signs of a progressive and developing field are the evolution and 
modification of definitions and standards. Two groups have offered such 
guidelines: the IFSECN at its Second International Congress (Guld et al, 
1970), and the Second Congress of the International Society of Electro- 
physiological Kinesiology (ISEK) in 1972. The latter group has revised 
its definitions and has published a manual (Winter et al, 1980). 

Some of the following terminology and set of definitions are an 
abridged version of those found in the ISEK manual “Units, Terms and 
Standards in the Reporting of EMG Research” (1980). They have been 
extracted with permission. 


Alpha-motoneuron—The neural structure whose cell body is located in the ante- 
rior horn of the spinal cord and which, through its relatively large diameter 
axon and terminal branches, innervates a group of muscle fibers. 

Motor unit (MU)—The term used to describe the single smallest controllable 
muscular unit. The motor unit consists of a single alpha-motoneuron, its 
neuromuscular junction, and the muscle fibers it innervates (as few as 3, as 
many as 2000). 

Muscle fiber action potential or motor action potential ( MAP)—The name given to 
the detected waveform resulting from the depolarization wave as it propagates 
in both directions along each muscle fiber from its motor end plate. 

Motor unit action potential (MUAP)—The name given to the detected waveform 

consisting of the spatiotemporal summation of individual muscle fiber action 
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potentials originating from muscle fibers in the vicinity of a given electrode or 
electrode pair. 

Motor unit action potential train (MUAPT)—The name given to a repetitive 
sequence of MUAPs from a given motor unit. 

Interpulse interval (IPI)—The time between adjacent discharges of a motor unit. 
It is a semirandom quantity. 

Instantaneous firing rate—The parameter which represents the inverse value of 
the interpulse interval. 

Average firing rate—The average firing rate of a motor unit over a given period 
of time. It is measured in units of pulses per second. 

Synchronization—The term which describes the tendency for a motor unit to 
discharge at or near the time that another motor unit discharges. It therefore 
describes the interdependence or entrainment of two or more motor units. 

Electromyographic (EMG) signal—The name given to the total signal detected by 
an electrode. It is the algebraic summation of all MUAPTs from all active 
motor units within the pick-up area of the electrode. 

Myoelectric signal—An alternative nomenclature for the electromyographic sig- 
nal. 

Amplitude—That quantity which expresses the level of the signal activity. 

Time duration—The amount of time over which a waveform presents detectable 
energy. 

Phase—In electromyography, the net excursion of the amplitude of a signal in 
either the positive or negative direction. 

Shape—The characteristics of a signal which remain unaltered with linear scaling 
in either the amplitude or time domains. An example of such characteristics 
are the phases of an action potential. 

Waveform—The term which describes all aspects of the excursion of the potential, 
voltage, or current associated with a signal as a function of time. It incorporates 
all the notions of shape, amplitude, and time duration. 

Decomposition—The process whereby individual MUAPs are extracted from the 
electromyographic signal. 

Electrode—A device or unit through which an electrical current enters or leaves 
an electrolyte, gas, or vacuums. 

Detection surface—The portion of the electrode which is in direct contact with 
the medium which is being sensed. 

Unipolar electrode—One which consists of one detection surface. 

Bipolar electrode—One which consists of two detection surfaces. 

Concentric electrode—A unipolar electrode in which the detection surface is 
located in the center of a metallic shield (typically, the cannula of a needle), 
which in turn is connected to ground. 

Detection—The process of sensing the signal by the electrode. 

Recording—The process which creates a record of the detected signal on any 
media (CRT, paper, magnetic tape, etc.) 

Isometric contraction—One during which the length of the contracting muscle 
remains constant. Generally, the muscle length is assessed by monitoring the 
angle of the joint being affected. 

Anisometric contraction—One during which the length of the contracting muscle 
may vary. 

Ballistic contraction—One that is executed with the greatest speed physiologically 
possible. 

Maximal voluntary contraction (MVC)—The greatest amount of effort that an 
individual may exert. Usually, the effort is concentrated on one muscle or on 
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one joint. It is generally measured by monitoring the force or torque output. 

Agonist muscle—One which initiates a contraction. 

Antagonist muscle—One which actively provides a negative contribution to a 
particular function during a contraction. 

Synergist muscle—One which actively provides an additive contribution to a 
particular function during a contraction. 


We would like to draw attention to the appellation of two terms: firing 
rate and interpulse interval. These terms are used to describe parameters 
which in the past have been referred to as firing frequency and interspike 
interval. Such terminology has its origin in the early days of electrophys- 
iology when the available electronics apparatus was considerably more 
limited than today’s versions and could not provide either detailed or 
correct representation of the behavior of the MUAPT. Thus, earlier 
investigators could only observe the presence of spikes (deflections) in a 
noisy signal. Modern technology enables us to observe the individual 
action potentials as distinguishable pulses. Thus, it is more proper to 
describe the time interval as the interpulse interval. The use of the term 
firing frequency is improper because the concept of frequency implies 
periodicity. It is now clear that the motor unit does not discharge in a 
periodic fashion, but rather in a semirandom fashion. It is, therefore, 
more correct to use the terminology of stochastic processes, i.e., firing 
rate. The concept of rate provides information concerning the number 
of firings per unit time without any restriction on the temporal regularity 
of the discharges. 


THE MOTOR UNIT 


The reader must have a clear knowledge of the structural and func- 
tional units in striated muscles to appreciate fully much of the literature 
in electromyography. The structural unit of contraction is, as everyone 
knows, the muscle cell or muscle fiber (Fig. 1.6). Best described as a very 
fine thread, this muscle fiber has a length ranging from a few millimeters 
to 30 cm and a diameter of 10 to 100 um. On contracting it will shorten 
to about 57% of its resting length (Haines, 1932, 1934). 

By looking at the intact normal muscle during contraction, one would 
believe, quite erroneously, that all the muscle fibers were in some sort 
of continuous smooth shortening. In fact, this is not true; instead, there 
is a virtual buzzing of asynchronous activity in which the fibers are 
undergoing very rapid contractions and relaxations. 

In normal mammalian skeletal muscle, the fibers probably never 
contract as individuals. Instead, small groups of them contract in concert. 
On investigation, one finds that all the members of each of these groups 
of muscle fibers are supplied by the terminal branches of one nerve fiber 
or axon whose cell body is in the anterior horn of the spinal grey matter. 
Now, this nerve cell body, plus the long axon running down the motor 
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Figure 1.6. The structural unit of contraction is the muscle fiber. The greatest 
amount a whole muscle can actively shorten is dependent on the maximal 
contraction of its contractile units. (From Basmajian, © 1970, Williams & Wilkins, 
Baltimore.) 


these branches, together constitute a motor unit (Fig. 1.7). The motor 


unit is, then, the functional unit_of striated muscle, since an impulse 


descending the motoneuron causes all the muscle fibers in one motor 


unit to contract almost simultaneously. The disparity in the time activa- 


tion of different muscle fibers of the same motor unit has two causes. 


individual axon branches innervating individual muscle fibers. This delay 
is fixed for each muscle pucker he other delay is introduced by the 
random discharge of acetylcholine packets released at each neuromus- 
cular junction. Because this is a random process, the excitation of each 
muscle fiber of a motor unit is a random function of time. This random 
excitation of each muscle fiber appears as a jitter when the electrical 
discharges of the individual muscle fibers are monitored, This phenom- 
enon was first observed by Ekstedt (1964), who coined the name. In 
normal individuals the standard deviation of the jitter is about 20 ys. 
The chief use of this discovery has been in clinical diagnosis. 

The termination of the axon of the muscle fiber defines an area known 
as the endplate region. These endplates (neuromuscular junctions) are 
usually, but not always, located near the middle of the muscle fibers (Fig. 
1.8). This has been shown by Coérs and Woolf (1959) in human skeletal 
muscle, by Gurkow and Bast (1958) in the trapezius and sternomastoid 
of the hamster, by Jarcho et al (1952) in the gracilis of the rat, and by 
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Figure 1.7. Scheme of a motor unit. (Modified from Basmajian, 1955a.) 


Dutta and Basmajian (1960) in the pharyngeal constrictors of the rabbit. 
However, our own observations indicate that in the case of the human 
tibialis anterior, the endplate region is proximal to the middle of the 
muscle. In some muscles of some individuals, two aggregations of motor 
endplates or motor points may exist in a single muscle. Such is often the 
case in the long head of the human biceps brachii. 

The number of muscle fibers that are served by one axon, i.e., the 
number in a motor unit varies widely, but certain rules have been 
established in recent years. Generally, it has been agreed that muscles 
controlling fine movements and adjustments (such as those attached to 
the ossicles of the ear and to the eyeball and the larynx) have the smallest 
number of muscle fibers per motor unit. On the other hand, large coarse- 
acting muscles, i.e., those in the limbs, have larger motor units. The 
muscles that move the eye have small motor units with less than 10 
fibers/unit, as do the human tensor tympani muscle of the middle ear, 
the laryngeal muscles and the pharyngeal muscles. These are all rather 
small delicate muscles which apparently control fine or delicate move- 
ments. 

Krnjevic and Miledi (1958) report 7 to 17 fibers/motor unit in the rat 
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Figure 1.8. Bundle of parallel muscle fibers with endplates (dark dots) stained 
by cholinesterase technique (From Coérs and Woolf, © 1959, Blackwell Scientific 
Publications, Oxford, and Charles C Thomas, Springfield, IL.) - 


diaphragm, which suggests that this muscle too has a fine or delicate 
control. The size of motor units in the rabbit pharyngeal muscles is also 
quite small, ranging from as few as 2 to a maximum of only 6 (Dutta and 
Basmajian, 1960). The size of the motor units in our study was deter- 
mined by tracing the individual nerve fibers along their final distribution 
to the muscle fibers (Figs. 1.9 and 1.10). Other observers have calculated 
the total number of muscle fibers in a muscle and the total number of 
nerve fibers in its motor nerve. Then, by dividing the former by the 
latter figure, they have calculated the size of the motor units. The latter 
method is rather questionable because it involves sympathetic fibers as 
well as motor fibers (Fig. 1.11). Nonetheless, it is a method that does 
produce reasonable approximations. 
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Figure 1.9. Drawing of a nerve bundle ending on muscle fiber-teased specimen 
(low power, phase contrast microscope). (From Dutta and Basmajian, © 1960, 
Anatomical Records.) 


Tergast (1873) estimated that the motor units of the sheep extraocular 
muscles have 3 to 10 muscle fibers; Bors (1926) estimated 5 to 6 for 
human extraocular muscles. More particularly, Feinstein et al (1955) 
reported 9 muscle fibers/motor unit in the human lateral rectus, 25 in 
platysma, 108 in the first lumbrical of the hand, and 2000 in the medial 
head of gatrocnemius. Christensen (1959) reported 770 muscle fibers/ 
motor unit in the biceps brachii of infants. Van Harreveld (1947) 
reported 100 to 125 muscle fibers/motor unit in the sartorius of the 
rabbit; Berlendis and De Caro (1955), 27 in the stapedius and 30 in the 
tensor tympani of the rabbit; Wersall (1958), 10 in the human tensor 
tympani; and Ruedi (1959), 2 to 3 muscle fibers/motor unit in the human 
laryngeal muscles. 

The above innervation ratios represent average values. In fact within 
a muscle, there exists a hierarchical arrangement of motor unit sizes. 
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Figure 1.10. Drawing of a photograph of nerve fibers ending on muscle fibers. 
(Magnification, about X500.) (From Dutta and Basmajian, © 1960, Anatomical 
Records.) 
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Figure 1.11. Scheme of multiple innervation of skeletal muscle. (After Solandt, 
from Dutta and Basmajian, © 1960.) 


The motor units with a smaller number of muscle fibers are innervated 
by the smaller alpha motoneuron and are excited earlier during a 
contraction requiring a progressively increasing force. Larger motor 
units are innervated by larger alpha motoneurons and become activated 
at progressively higher force levels. 

Van Harreveld (1946, 1947), working with the rabbit’s sartorius, 
concluded that the fibers in a motor unit may be scattered and intermin- 
gled with fibers of other units. Thus, the individual muscle bundles one 
sees in cross-section in routine histological preparations of normal 
striated muscles rarely, if ever, correspond to individual motor units as 
such. Norris and Irwin (1961) went further with their conclusion (sup- 
ported by excellent evidence) that in rat muscle the fibers of a motor 
unit are widely scattered. 

Buchthal et al (1957), using an elegant 12-lead multielectrode tech- 
nique, finally demonstrated quite conclusively that (in the human biceps 
brachii) the fibers of each motor unit were localized in an approximately 
circular region with an average diameter of 5 mm, but in some cases 
reaching a spread of 20 mm. Asa rule of thumb, the motor unit territory 
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may be considered to be approximately one-third of the cross-sectional 
area of the muscle. Buchthal and his colleagues also showed that fibers 
of up to 30 different motor units may be located within the territory 
occupied by any one motor unit. 


MUSCLE FIBER TYPE 


It is beyond the scope of this book to entertain a detailed discussion 
on the various classifications of muscle fibers, but some basic knowledge 
is necessary to appreciate better the structure of muscles. 

During the past several decades there has been a growing tendency to 
establish definable, meaningful categories describing the physiological 
and biochemical properties of muscle fibers. During the decade of the 
1970s, numerous investigations were performed attempting to establish 
criteria for the distinction of the muscle fiber categories. Although such 
distinctions are undeniably useful, they may be self-defeating in some 
cases. For example, overemphasis on the differences among some pop- 
ulations of fiber types tends to make us forget that the physiological and 
biochemical properties of muscle fibers are a continuum. Depending on 
which segment of the distribution of the continuum we look at, we see 
distinctions from other segments. If the segments are sufficiently far 
apart, the characteristics of the fiber population described therein will 
be definably different. Most of the work on fiber type categorization has 
been performed on cats, with some relevant work on guinea pigs and 
rabbits. In these animals the typing distinction appears to be more clearly 
apparent than in human muscle fibers. 

Muscles of higher-order mammals (including the human) consist of 
muscle fibers which vary widely in their physiological, morphological, 
and biochemical properties. Within any one animal, different muscles 
contain varying amounts of the different fiber types. For related details 
on 36 human muscles, the reader is referred to the work of Polgar et al 
(1973) and Johnson et al (1973). However, the muscle fibers belonging 
to one motor unit show a remarkable homogeneity in their properties. 

For several decades muscle fibers have been categorized according to 
their appearance. Some fibers have a pinkish or reddish visual appearance 
due to the relatively large amount of blood that is supplied to them by 
their large vascularization; other fibers appear much paler in coloring, 
reflecting a less prolific vascularization. These two categories have been 
referred to as red and white fibers. Numerous investigations have shown 
that when the motoneuron of a motor unit consisting of red fibers is 
stimulated, the resulting force twitch is slower rising and longer lasting 
than the force twitch which results when a motor unit consisting of white 
fiber is stimulated. Thus, we have a situation in which red fibers are slow 
twitch and white fibers are fast twitch. 


During the 1960s and 1970s these basic subdivisions of muscle fiber 
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types were subjected to more detailed analysis, and additional subdivi- 
sions have been defined and proposed. Engel (1962, 1974) proposed 
that the fibers be identified as type I and type II. Histochemical tests for 
key enzymes which correspond closely to the physiological properties of 
muscle fibers have been performed. The myosin ATPase affinity is an 
indicator of the fibers’ contractile speed (Barany, 1967). Based on this 
fact, Brooke and Kaiser (1970) suggested that the muscle fibers be 
categorized according to the different sensitivities of the myosin ATPase. 
The type I fibers are acid stable and alkaline labile, whereas the converse 
is true for the type II fibers. The intensity of staining for specific enzymes 
of the glycogenolytic and glycolytic metabolic pathways provides an 
indication of the fibers’ capacity to perform work (usually in short bursts) 
in the absence of oxygen. This is known as the anaerobic capacity. 
Conversely, oxidative enzymes provide information concerning the ca- 
pability of the contractile mechanism to use oxygen as its fuel. This is 
known as aerobic capacity. A high aerobic capacity indicates that a muscle 
fiber is resistant to fatigue as long as oxygen can be supplied to it via its 
vascularization. It also follows that a muscle fiber with a high aerobic 
capacity would have a reddish appearance. ; 

The terminology of Peter et al (1972) is commonly accepted to describe 
these biochemical-histological properties. Thus, FG stands for fast (high 
myosin ATPase) glycolytic (high anaerobic and low aerobic capacity); FI 
stands for fast with high anaerobic and “intermediate” aerobic capacity; 
FOG stands for fast oxidative (high aerobic capacity) and glycolytic (high 
anaerobic capacity); SO stands for slow (low myosin ATPase) with oxi- 
dative capacity. 

An alternative approach for subdividing the categories of muscle fibers 
has been proposed by Burke et al (1971). They suggested the following 
classification based on the mechanical response of all the muscle fibers 
of a motor unit when their motoneuron was stimulated by a single 
electrical pulse (contractile response) and to a sustained train of stimuli 
(contractile fatigue response). They expanded the classification of the 
slow and fast twitch by introducing the evaluation of contractile fatigue, 
which may be measured by observing the time at which the amplitude 
of the twitch response declines and/or the rate at which it declines. They 
denoted FF for fast (contracting), quickly fatigable units; F(Int) for fast, 
intermediate fatigable units; FR for fast, fatigue-resistant units; and S 
for slow (contracting) fatigue-resistant units. 

It should be noted that these histochemical distinctions may be made 
much more easily in cat soleus and gastrocnemius muscles than in human 
muscles. Saltin and Gollnick (1981) argue for the distinction among 
human muscle fiber types to be made solely on the basis of the myofi- 
brillar ATPase stability to low pH. They point out that the oxidative 
capacity of fast twitch human muscle fibers is not discrete. Furthermore, 
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the contractile fatigue measures which have been described apply to 
artificial stimulus train, which provides a similar excitation to all the 
motor units. Natural, voluntary stimulus trains are not similar for the 
various motor units involved in generating a muscle contraction. For 
example, the firing rate of latter recruited motor units is lower than that 
of earlier recruited motor units. Thus, the proposed classification pro- 
vides a description of the mosaic of the motor unit fatigability but may 
not provide a description of the motor unit fatigability during a voluntary 
contraction. 


CHAPTER 2 


Apparatus, Detection, and Recording 
Techniques 


In this chapter we will discuss details concerning electrode types and 
configurations, as well as associated instrumentation that has a bearing 
on the quality of the EMG signal that is detected and subsequently 
displayed, recorded, or processed. The process of sensing the signal by 
the electrode is referred to as detection. The word recording is reserved 
for describing the process that creates a record on any media (CRT, 
paper, magnetic tape, etc.). 

Before beginning a substantive discussion on electrodes, it is necessary 
to ensure some minimal knowledge concerning the concepts of “imped- 
ances” and “filter functions.” 


CONCEPT OF IMPEDANCE AND FILTER FUNCTIONS 

All forms of matter present an impedance to the transmission of an 
electric current. The impedance function is a vector quantity, hence it is 
expressed in terms of complex numbers, the real part of which denotes 
the resistance and the imaginary part of which denotes the susceptance. 
This latter part exists due to the presence of capacitance and/or induct- 
ance, two basic electrical properties of matter. In media such as muscle 
tissues, fatty tissue, and skin, the inductance is essentially unmeasurable. 
However, the capacitance is present in a significant amount and cannot 
be overlooked. 

One of the simplest expressions of an impedance function, which is 
useful for conceptualizing the electrical characteristics of electrodes and 
tissue, is the impedance of a resistance in series with a capacitor presented 
in Figure 2.1. In this configuration the impedance function is expressed 
as a vector 


1 . F : ; 
Zw) =R+— —, where? is V—1, an imaginary quantity 


jwC’ 
R = the resistance (ohms), C = the capacitance (farads), w = 2xf and f = 
the frequency (Hz). 
A vector may also be expressed in terms of its magnitude and phase 
(direction). The magnitude is the square root of the sum of the squared 
real part and the squared imaginary part. 


(1 + w?C?R?)'” 
wC 


|Z(w)| = 


19 


Gain (dB) 


MUSCLES ALIVE 


FILTER FUNCTIONS 
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Figure 2.1. (Top left) A simple electrical circuit consisting of a resistor and 
capacitor. (Top right) The magnitude and phase of the impedance function of 
the electrical circuit, with R = 1kQ and C = 1.59yf. Note that when the magnitude 
decreases by a factor of 0.707, the phase angle is 45°. (Bottom left) The filter 
function of the ratio of V;/Vin. This is a high-pass filter. (Bottom right) A band-pass 
filter. The bandwidth is defined as the range of frequency between the high and 


low 3 dB points. 


The phase is the inverse tangent of the ratio of the imaginary part to the 


real part. 


®Z(w) = ~an-(2,) 


The magnitude is measured in units of ohms and the phase in units of 
degrees. The above two functions are plotted on the top right-hand 
quadrant of Figure 2.1, with R = 1kQ and C = 1.59yf. Note that as f—> 


0, | Z(w)| > ©, and as f— ®, | Z(w)| > R. 


10° 
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The impedance of a circuit describes the relationship between the 
voltage and current, V = ZI. Thus an alternative way-of looking at the 
frequency-dependent characteristics of the impedance function is as a 
filter between the current and the voltage. In the specific example 
provided here, the impedance behaves as a high-pass filter because at 
higher frequencies the impedance is less. This filtering concept will be 
useful in describing the filtering properties of the electrode-electrolyte 
junction in latter portions of this chapter. 

A more straightforward description of a filter function is expressed by 
the ratio of an output voltage to the input voltage. In our example 


= (1 + 1/w°R°C*)'? 


pal 
Vin 
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Note that the ratio will be unitless and is therefore measured as a gain. 
The gain of |V\/V;,| will be greater at higher frequencies; thus it is 
referred to as a high-pass filter, whereas | V2/V;, | is a low-pass filter. The 
filter function for the high-pass filter is presented in the bottom left- 
hand quadrant. Note that in both examples of the two types of filters, 
when f = 2rRC, the magnitude and gain decrease by V2 = 0.707. It is 
common to measure the magnitude and gain in the decibel (dB) scale: 


Vout 
Vin 


gain = 20 log 


and a gain of 0.707 = 3 dB. The value of the frequency where the gain 
decreases by 3 dB is referred to by various terms such as the corner 
frequency, the break frequency, the cutoff frequency, and the 3 dB 
point. When the magnitude function is plotted on a log-log scale, as is 
the case in Figure 2.1, the slope of the function is 6 dB/octave or 20 dB/ 
decade. An octave represents a doubling of the frequency and a decade 
indicates an order of magnitude. Note that 20 dB is equivalent to a 
factor of 10. 

The combination of a low-pass and a high-pass filter yields a band-pass 
filter, as demonstrated in Figure 2.1 (bottom). The width of the “fre- 
quency-window” of a band-pass filter is measured by its bandwidth. This 
is the frequency range between the lower and upper 3 dB points. It 
should now be apparent that the bandwidth may be increased by either 
increasing the slope of the rolloff or by shifting the 3 dB points. As was 
the case in the impedance function, at the cutoff frequency, the phase 
angle distortion is —45°, a relatively large amount. Hence, if the signal 
processed by such a filter were to contain considerable energy at this 
frequency, considerable distortion of the signal would occur. This diffi- 
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culty may be overcome by choosing a cutoff frequency that is 10 times 
the greatest signal frequency of interest, in which case the filter would 
pass the signal with negligible amplitude reduction and a maximal phase 
shift of about 5°. 

ELECTRODES 


The electrodes used in electromyography could well be, and actually 
are, of a wide variety of types and construction. Their use depends on 
the first principle that they must be relatively harmless and must be 
brought close enough to the muscle under study to pick up the current 
generated by the ionic movement. The segment of the electrode which 
makes direct electrical contact with the tissue will be referred to as the 
detection surface. In electromyography these are used either singularly or 
in pairs. These configurations will be referred to as monopolar and bipolar. 

The two main types of electrodes used for the study of muscle behavior 
are surface (or skin) electrodes and inserted (wire and needle) electrodes. 
Each has its advantages and its limitations, and they will now be described. 


Surface Electrodes 

Surface electrodes can be constructed as either passive or active. In 
the passive configuration, the electrode consists of a detection surface 
that senses the current on the skin through its skin-electrode interface. 
In the active configuration, the input impedance of the electrodes is 
greatly increased, rendering it less sensitive to the impedance (and 
therefore quality) of the electrode-skin interface. 

One of the earliest, if not the earliest, reported usages of surface 
electrodes specifically for the purpose of detecting EMG signals from a 
human muscle was by Piper (1912). He used a metal plate. The design 
of passive surface electrodes has not changed much since Piper’s days; 
conceptually, the metal electrodes used for this purpose today function 
similarly. 

Often one finds that the simple silver discs used widely in electroen- 
cephalography are also used as passive surface electrodes in electromyog- 
raphy (Fig. 2.2). Their advantages revolve around one point: conveni- 
ence. For example, they are readily obtained from supply houses; they 
can be applied to the skin after very little training and with reasonable 
success (within the limitations to be discussed); and they give little 
discomfort to the subject. 

Since a poor contact must be avoided, continued pressure is important. 
The pressure provided by the adhesive strips or collars used to secure 
the electrodes is usually adequate. Electrical contact is greatly improved 
by the use of a saline gel or paste; this is retained between electrode and 
skin by making the silver disc slightly concave on the aspect to be applied 
to the skin. The dead surface layer of the skin, along with its protective 


oils, must be removed to lower the electrical impedance. This is best 
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Figure 2.2. Silver disc surface electrodes (electroencephalographic type). 


done by light abrasion of the skin at the site chosen for electrode 
application. In recent years, we have found that it is best produced by 
“rubbing in” those types of electrode gels that have powdered abrasives 
included in their formula. For additional details concerning the advan- 
tages of skin abrasion, the reader is referred to Tam and Webster (1977) 
and Burbank and Webster (1978). 

In attempting to reduce the mass of the electrode, silver-metal films 
have been painted on the skin. These electrodes have been described by 
Rositano (1970). Although they may be convenient for special applica- 
tions, such as detecting perioral muscle activity (Allen et al, 1972) or for 
long-lasting recording sessions such as space flights, they generally pro- 
vide an inferior performance, as compared to that of conventional passive 
surface electrodes (Konopacki and Cole, 1982). 

The lack of chemical equilibrium at the metal-electrolyte junction sets 
up a polarization potential that may vary with temperature fluctuations, 
sweat accumulation, changes in electrolyte concentration of the paste or 
gel, relative movement of the metal and skin, and the amount of current 
flowing into the electrode. Various construction designs have been 
implemented attempting to stabilize the polarization potential (Boter et 
al, 1966; Girton and Kamiya, 1974, among others). It is important to 
note that the polarization potential has both a dc and an ac component. 
The ac component is greatly reduced by providing a reversible chloride 
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exchange interface with the metal of the electrode. Such an arrangement 
is found in the widely used silver-silver chloride electrodes which are 
commercially available (e.g., Beckman miniature model in Fig. 2.3). This 
type of electrode has become highly popular in electromyography due 
to its light mass (250 mg), small size (11-mm diameter), and high 
reliability and durability. The diminished polarization potential associ- 
ated with this electrode is a major benefit. The dc component of the 
polarization potential is nullified by electronic means when the electrodes 
are used in pairs. This point will be elaborated upon in later sections of 
this chapter. 

The active surface electrodes have been developed to eliminate the 
need for skin preparation and conducting medium. They are often 
referred to as “dry” electrodes or “pasteless” electrodes. These electrodes 


can be either resistively coupled (Lewes, 1965; Bergey et al, 1971) or 
capacitively coupled to the skin (Lopez and Richardson, 1969; Potter 
and Menke, 1970; Betts and Brown, 1976). In the case of the capacitively 
coupled electrode, the detection surface is coated with a thin layer of 
dielectric (nonconducting) substance, and the skin electrode junction 
behaves as a capacitor. Although the capacitively coupled electrodes have 


Figure 2.3. Miniature silver-silver chloride electrodes (Beckman type). 
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the advantage of not requiring a conductive medium, they have a higher 
inherent noise level (Potter and Menke, 1970). Also, these electrodes do 


not have long-term reliability because_their dielectric properties are 


of the dielectric substance. For these reasons they have not yet found a 
place in electromyography. 

An adequately large input impedance is achieved when the resistance 
is in the order of 10’? ohm and the capacitance is small (typically, 3 or 4 
pF). The advent of JFET microelectronics has made possible the con- 
struction of amplifiers housed in integrated circuitry which have the 
required input impedance and associated necessary characteristics. How- 
ever, the physical construction of the active electrode remains important 
because the input capacitance from the metal surfaces to the input of the 
active circuitry is to be minimized. Two examples of such electrodes are 
presented in Figure 2.4. These electrodes were conceptualized and 
designed by De Luca and were constructed in the NeuroMuscular 
Research Laboratory of the Liberty Mutual Research Center in Hopkin- 
ton, MA. They each have two detection surfaces and associated electron- 
ics circuitry within their housing; the circular one contains a stainless 
steel ring around its perimeter which serves as a ground. These electrodes 


Figure 2.4. Active surface electrodes in bipolar configurations. The circular unit 
contains a ground ring around the perimeter of the electrode (patent pending). 
These electrodes do not require any skin preparation or conductive paste or 
gels. (Conceptualized and designed by C.J. De Luca.) 
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are an outgrowth of several years of research in the NeuroMuscular 
Laboratory, and their precursor was reported by De Luca et al (1979). 
The details of the electronics circuit design considerations will be dis- 
cussed in a later section in this chapter. 

The active surface electrodes are preferable not only because they 
provide an EMG signal of greater fidelity, but also because they are 
convenient to use. The simplicity and speed with which they may be 
applied to the skin is rapidly making them the electrode of choice for 
pragmatic applications as in busy clinical environments and myoelectri- 
cally controlled prosthetics. Within a few years, they will inevitably be 
the preferred type of surface electrode in the research environment. In 
our laboratories, active surface electrodes have been in common usage 
for the past 4 years. 

The chief disadvantages of surface electrodes are that they may be 
used effectively only with superficial muscles and that they cannot be 
used to detect signals selectively from small muscles. In the latter case, 
the detection of “cross-talk” signals from other adjacent muscles becomes 
a concern. These limitations are often outweighed by their advantages 
in the following circumstances: 


1. When representation of the EMG signal corresponding to a substantial part 
of the muscle is required. 

9. In motor behavior studies when the time of activation and the magnitude of 
the signal contain the required information. 

3. In psychophysiological studies of general gross relaxation of tenseness, such as 
in biofeedback research and therapy. 

4. In the detection of EMG signals for the purpose of controlling external devices 
such as myoelectrically controlled prostheses and other like aids for the 
handicapped population. 

5. In clinical environments where a relatively simple assessment of the muscle 
involvement is required, e.g., in physical therapy evaluations and sports 
medicine evaluations. 

6. Where the simultaneous activity or interplay of activity is being studied in a 
fairly large group of muscles under conditions where palpation is impractical, 
e.g., in the muscles of the lower limb during walking. 

7. In studies on children or other individuals who object to needle insertions. 


The surface electrodes are commonly used to detect gross EMG signals 
consisting of the electrical activity from numerous individual motor units 
within the pickup area of the detection surfaces. However, we have often 
used such electrodes to detect MUAPTs during low level muscle con- 
tractions. Gydikov and Kosarov (1 972) have reported similar accomplish- 
ments. The reader is cautioned that this detection technique requires 
practice and may be frustrating. 


Needle Electrodes 
By far the most common indwelling electrode is the needle electrode. 
As such, a wide variety of needle electrodes are now commercially 


APPARATUS, DETECTION, AND RECORDING 27 


available. The most common needle electrode, in turn, is the “concentric” 
electrode, first described and used by Adrian and Bronk (1929) and now 
used widely by clinical and research electromyographers. The monopolar 
configuration contains one insulated wire in the cannula (Fig. 2.5). The 
tip of the wire is bared and acts as a detection surface. The bipolar 
configuration contains a second wire in the cannula and provides a 
second detection surface. The needle electrode has two main advantages. 
One is that its relatively small pickup area enables the electrode to detect 
individual motor unit action potentials conveniently, especially during 
relatively low-force contractions. The other is that they may be conven- 
iently repositioned within the muscle (after insertion) so that new terri- 
tories may be explored or the signal quality may be improved. These 
amenities have naturally led to the development of various specialized 
versions to study particular properties or aspects of the motor unit. 

Buchthal and his colleagues used a multifilament electrode with 12 
individually insulated wires located longitudinally along the length of the 
cannula. With this electrode, they were able to ascertain the size of the 
territory of the motor unit (Buchthal et al, 1957a) and measure the 
voltage decrease as a function of distance in muscle tissues (Buchthal et 
al, 1957b). 
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Figure 2.5. Concentric needle electrode in the monopolar configuration. A 
bipolar configuration may be realized by locating two insulated wires within the 
cannula of the needle. 
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In 1972, De Luca and Forrest described the design of a four-filament 
needle electrode for simultaneously detecting more than one electrical 
representation of the activity of the motor units within the pickup area 
of the electrode. This electrode contained four detection surfaces con- 
sisting of the cross-sectional area of the 25-4m diameter wires located at 
the corner of a square in the tip of the cannula. With this electrode, De 
Luca and Forrest demonstrated that multichannel detection of EMG 
signals is essential to eliminate ambiguity in the identification of individ- 
ual MUAPs. Recently, in collaboration with our colleagues Broman and 
Mambrito, we produced an improved version of this electrode. This 
latter version, along with the preferred detection configuration, may be 
seen in Figure 2.6. This version houses somewhat larger (75-um diame- 
ter) detection surfaces on the side of the cannula. This particular archi- 
tecture of the electrode has proven to provide the necessary pickup 
selectivity while still detecting several MUAPTs. 

Another productive exploit of the architecture of the needle electrode 
was originally reported by Ekstedt and Stalberg (1973) and has been 
subsequently popularized by Stalberg and his colleagues in Uppsala. This 
type of electrode consists of a modified monopolar needle electrode 
whose central wire is relatively small in diameter (25 um) and is exposed 
on the side of the cannula. By detecting from this wire with respect to a 
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Figure 2.6. A schematic representation of a lightweight quadripolar needle 
electrode configured to detect three independent channels of EMG signals. Any 
two of the detection surfaces (cross-sectional areas of the wires) may be used, 
as a bipolar pair. 
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distant electrode it is possible to obtain the signal activity of only one or 
two muscle fibers of a motor unit in most muscles. This type of electrode 
is presented in Figure 2.7. 

In 1980, Stalberg modified the single fiber electrode and constructed 
a “macro” electrode which detects the MUAP from many fibers of the 
motor unit. This feat is accomplished by insulating the cannula of the 
needle to within 15 mm of its tip and using the exposed part of the 
cannula as the main electrode contact (refer to Fig. 2.7). This uncom- 
monly large detection surface will obviously detect MUAPs from numer- 
ous motor units whose fibers are scattered throughout the 15-mm length 
of the cannula. A chosen MUAP is recovered by locating it with the 
single fiber electrode (on the same needle) and using this MUAP to 
trigger average the signal detected by the exposed part of the cannula. 
The process of trigger averaging consists of using a clearly detectable 
signal to denote the time occurrence of a related event in a noisier signal. 
This is accomplished by repetitively averaging a segment of the noisy 
signal, beginning at a time denoted by the clearly detectable signal or 
the “trigger” signal. If the noise is random in nature it will cancel out, 
while the signal of the related event will be enhanced. 

Some clinicians prefer the monopolar type of electrode, which is an 
outgrowth of the electrode introduced by Jasper and Ballem (1949). 
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Figure 2.7. Examples of various needle electrodes. (a) Single fiber electrode 
with one detection surface. (b) Multipolar electrode. (c) Concentric needle 
electrode. (d) Macroneedle electrode. (Black area is noninsulated.) (From E. 
Stalberg, © 1980, Journal of Neurology, Neurosurgery, and Psychiatry.) 
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Unlike the concentric monopolar electrode, this electrode consists of a 
metallic needle that is insulated throughout, except for the tip, which is 
the detection surface. This concept has now reached a refinement that 
has proven useful for recording directly from nerve fibers. This micro- 
neurography detection was originated by Vallbo et al (1979). The 
electrode consists of an insulated tungsten filament approximately 150 
to 200 um in diameter and exposed for 5 to 10 um at the tip. This 
tungsten filament is inserted as a monopolar electrode in the nerve, and 
the neuroelectric signal is detected with respect to a reference electrode 
located on the surface of the skin. 


Wire Electrodes 


Since 1961 this type of electrode has been popularized by Basmajian 
and his associates (see Basmajian and Stecko, 1962). Similar electrodes 
that differ only in the details of their construction have been independ- 
ently developed by a number of other researchers, notably Close et al. 
(1960) and Long and Brown (1962). Wire electrodes have proven a boon 
to kinesiological studies because they are extremely fine, and therefore 

_painless, and are easily implanted and withdrawn. 

Wire electrodes may be made from any small diameter, highly non- 
oxidizing, stiff wire with insulation. Metals such as platinum alloys, silver, 
and nickel-chromium alloys are preferable. Insulations such as nylon, 
polyurethane, and Teflon are conveniently available. Such wires are 
available under the trade names of Karma (Wilber B. Drive Co., Harri- 
son, NJ), Stablohm (Johnson Matthey Metals Ltd., London, England, 
and California Fine Wire Co., Grover City, CA), and various other 
manufacturers. Wire diameters in various sizes are available, the smallest 
being 25 yum. At least one distributor, A-M Systems, Inc. (Toledo, Ohio), 
has multistrand fine wire available. Of the available metals and alloys 
which are used to draw the fine wires, we prefer the 90% platinum-10% 
iridium alloy. It offers the appropriate combination of chemical inertness, 
mechanical strength, and stiffness. The Teflon or nylon insulators are 
preferred because they add some mechanical rigidity to the wires, making 
them easier to handle. Also, these insulators are less apt to crack, thus 
exposing the wires in unplanned locations and providing additional 
detection surfaces that may compromise the detection strategy. 

The steps for making an electrode are displayed in Figure 2.8 and 
may be described as follows: (1) A double strand of insulated fine wire is 
passed through the cannula of a hypodermic needle. A small loop is left 
distally, and 5 to 7 cm of wire are left proximally. (2) A small amount of 
the insulation at the distal tip and 3 to 4 cm of each strand proximally is 
removed, either by burning it off with an alcohol flame or (depending 
on the type of insulation) etching it off with chemical solvents. (3) The 
loop is cut, leaving 1 to 2 mm of bared wire distally on each strand. 
These bare ends are staggered so that they will not come in contact. 
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Figure 2.8. Steps in making a bipolar wire electrode with its carrier needle used 
for insertion. (From Basmajian and Stecko, © 1962, © Journal of Applied Physiol- 
ogy.) 


They are then bent sharply back to lie against the needle shaft for a 
short distance. If preferred, the wires may be twisted together. 

Such electrode assemblies may be driven easily into a muscle without 
anesthesia, and the attendant pain is the usual pain resulting from the 
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needle puncture. If fresh, sharp, 27-gauge needles are used, the pain is 
minimal and transitory. The needle withdraws easily, and its removal 
only rarely dislodges the electrodes, for they are retained by the hooks 
at their ends. The electrodes are taped to the skin at the site of emergence 
to ensure that an accidental tug does not remove them. At the end of an 
experiment a gentle pull brings the electrodes out painlessly, for each 
wire is so pliable that the barb straightens out on traction and offers little 
if any palpable resistance. We have had no accidental breakage in many 
thousands of uses; nor would we be disturbed if we had, because the fine 
wire is innocuous. Jonsson and Bagge (1968) have described the various 
deformations and dislocations of fine-wire electrodes and report that 
very vigorous exercise may break 25-um wires. Fortunately, the wire is 
available in 50- and 75-um sizes also, and these have been shown to be 
much tougher. 

If one wishes to insert individual monopolar wire electrodes, the 
modification of our technique by Scott (1965) is satisfactory. The hypo- 
dermic needle is used to insert the electrode and also acts as a cutting 
instrument once the electrode is deep in place. A single strand of fine 
wire is passed through the hypodermic needle, and a long loop is turned 
back from the needle tip. The wire is cut by pulling on its free ends, one 
of which emerges from the skin alongside the needle and one out of the 
needle. Both the needle and its contained wire are then withdrawn, 
leaving one unbarbed wire deep in place. 

After a period of use, we found only one tedious step or complication 
with wire electrodes, i.e., the connection of the almost invisible filament 
to the input of the amplifiers. Others have met and overcome this 
problem in different ways. For example, Long and his colleagues at 
Highland View Hospital in Cleveland relied on preconnection of the 
fine-wires to standard wires to produce a unit. However, when their 
needles are withdrawn, they cannot be discarded because they cannot be 
drawn over the connections. Because we prefer disposable needles and 
electrodes that are used only once and discarded, we make connections 
after the needle is entirely removed. Making the connections can be a 
tedious procedure when it must be done a dozen times for one experi- 
mental setup. Therefore, being lazy, we developed a simple method. 

After finding that soldering, microwelding, and miniature alligator 
clamps all have drawbacks, we devised a spring-wire coil connector 
(Basmajian et al, 1966) which has proved itself in 20 years of extended 
usage. It is a brass spring (about 4 mm in diameter by 12 mm in length) 
soldered permanently to the free ends of each amplifier lead-in wire. 
The spring is tightly wound from a resilient 22 “spring-brass” wire which 
gives considerable pinch between adjacent coils. This type of hard-brass 
wire is available through ordinary commercial channels. To make con- 
nection to the wire electrodes after they have been inserted and the 
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needle has been discarded, the spring is bent slightly between the thumb 
and index finger. This spreads the coils and allows the bared end of the 
electrode wire to be slipped between one or two pairs of coils. Released, 
the spring clamps the fine wire and gives good electrical connection 
instantly. Wrapping a bit of adhesive tape around the connection (for 
protection and insulation) completes a procedure that takes only mo- 
ments and saves many tedious minutes required by other methods. 

The wide acceptance of wire electrodes has led to a variety of inno- 
vations exploiting the versatility of this technique. Leifer (1969) used a 
four-filament electrode ensemble consisting of 25-um stainless steel wires 
cemented together with epoxy. The four wires were exposed at their 
tips and were arranged in a straight line. Hennerz (1974) used a three- 
filament (100-um silver wire) arrangement. In the same year, Shiavi 
(1974) decribed the construction of a wire electrode consisting of three 
staggered pairs of wires which provided three independent channels of 
EMG signals. This wire cluster was approximately 250 ym in diameter 
and was inserted into the muscle by the standard method. All these 
multifilament fine wire arrangements have, as their main goal, the 
detection of EMG signals which present a clearer view of the individual 
MUAPTs. It has been our experience that with the proper combination 
of wire diameter, staggering arrangement of the wire, and interwire 
spacing, progress towards the desired intention may be made. However, 
some trial and error is involved, and the beginner should not easily 
abandon the task. 

Two other innovative users of wire electrodes have been proposed. 
Caldwell and Reswick (1975) described an electrode that could be 
inserted in a muscle and would remain within the muscle for months. 
The electrodes consisted of fine wires wound into a coil filled with 
silicone rubber. These coils, when inserted via a hypodermic needle, 
anchored themselves to the muscle fibers and thus resisted dislodgement. 

A truly innovative concept has been proposed by Andreassen and A. 
Rosenfalck (1978). They described a “side-hole” electrode which consists 
of two 75-um insulated fine wires which are twisted. Unlike all previous 
cases, the detection surfaces were two holes (10 to 25 wm) burned into 
the side of the wires. The electrode was inserted by a curved cannula 
which entered the skin, passed through the muscle, and exited through 
the skin. In this fashion, the location of the detection surfaces could be 
positioned throughout the muscle by pulling on either end of the wires. 
This approach overcomes the main disadvantages of wire electrodes; the 
inability to be repositioned after insertion. This interesting technique 
should be used with caution and, advisably, in an aseptic environment. 
Continual and excessive movement of the protruding wires may provide 
a bacterial conduit. 
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In kinesiological studies in which the main purpose of using wire 
electrodes is to record a signal that is proportional to the contraction 
level of muscle, repositioning of the electrode is not important. But, for 
other applications, such as recording distinguishable MUAPTs, this 
limitation is damaging. Some of us have used the term “poke-and-hope” 
to describe the standard wire electrode technique for this particular 
application. Another limitation of the wire electrode is its tendency to 
migrate after it has been inserted, especially during the first few contrac- 
tions of the muscle. In fact, we suggest that the muscle with the electrode 
be contracted and relaxed at least one-half dozen times before any 
measurements are taken. The pumping action of the muscle will tend to 
lodge the barbs at the end of the electrode into the tissue. It will also 
draw some wire subcutaneously, providing excess wire to be released if 
the external tension on the wire increases. The reproducibility of the 
EMG signal detected with wire electrodes discussed by Jonsson and 
Reichmann (1968), Komi and Burskirk (1970) and, more recently, by 
Gans and Gorniak (1980) applies to parameters of the total EMG signal 
(such as amplitude), not to the more sensitive parameters of the individual 
MUAPs. 


ELECTRODE TREATMENT 
Cleaning 


It is good practice to clean needle electrodes with a swab soaked with 
70% ethanol and 30% distilled water solution after every use of the 
electrode. This procedure will remove the debris (such as skin particles, 
coagulated blood, muscle tissue, etc.) which tends to accumulate near 
the detection surfaces. Alternatively, the needle electrodes may be 
cleaned by placing them in an ultrasonic vibrator, of the type that is used 
to clean small pieces of jewelry. These vibrators may be purchased as 
small receptacles which contain a cleansing fluid and conveniently hold 
several needles simultaneously. We have been very pleased with our 
experience with such devices. Regardless of the technique used, it is 
imperative to remove the attached debris from the tip of the needles. 
Their accumulation will change the impedance properties of the elec- 
trode, which will result in a deterioration of the quality of the detected 
signal. 

Surface electrodes should also be cleaned after each application. If the 
electrodes are of the type which require a conductive paste or gel, then 
any residual paste or gel should be removed by wiping them with gauze 
dampened in distilled water before the conductive material. hardens. 
Once the conductive material hardens (usually within 30 minutes of 
exposure to the air), it may still be removed by more vigorous wiping 
action with gauze dampened with distilled water. The use of solvents or 
cleansing agents is greatly discouraged. If the surface electrode is of the 
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type which does not require conductive paste or gel, it is recommended 
that the metallic contacts of the electrode be regularly cleaned in order 
to remove any oxide layer which may accumulate on the detection 
surface. This should be done by swabbing them with 70% ethanol-30% 
distilled water mixture. This mixture will evaporate without leaving a 
film. 


Impedance Reduction 


Needle electrodes, especially those that have detection surfaces with 
small surface areas, tend to have a high impedance due to the high 
resistance of the exposed area and low capacitance of the metal-electro- 
lyte interface. The impedance of the electrode may be effectively reduced 
by an electrolytic treatment originally described by Buchthal et al 
(1957a). A modified procedure was described by De Luca and Forrest 
(1972). This procedure consists of placing the needle electrode in a 
receptacle containing a 1 N saline solution (0.9% NaCl) and a platinum 
metal strip. The terminals of the electrode are connected to the negative 
terminals of a variable power supply, and the platinum strip is connected 
to the positive terminal. A dc current of 1 mA is passed through the 
needle electrode until small bubbles are seen forming and effervescing 
from the detection surfaces of the electrodes. Continue to supply the 
current until the bubbles rise to the surface in a continuous stream. If 
the bubbles do not form, increase the current gradually until the bubbles 
are in evidence. The reader is cautioned that an excessive amount of 
current will damage the detection surfaces of the electrode. 

This electroplating procedure deposits a rough layer of salts on the 
metal of the contact area and thus increases the surface area. This results 
in a decreased impedance. The procedure also neutralizes some of the 
corrosive processes which degrade the metallic surfaces as a function of 
time, and, in the case of bipolar electrodes, it will tend to balance the 
impedances of the two detection surfaces. The usefulness of this latter 
development will become apparent in subsequent sections of this chapter. 
This approach of balancing input impedances of the detection surfaces 
has also been applied after the electrode has been inserted. Basmajian 
(1973) described such usage for the purpose of eliminating occasional 
high frequency artifacts from indwelling wire electrodes. 


Sterilization 
Prior to piercing any electrode through the skin and into a muscle, it 
is manditory to sterilize it. This may be accomplished with dry heat, 
boiling water, or steam. Of these three approaches, autoclaving at 15 Ib/ 
inch or 10 newtons/m? pressure for 30 minutes is preferred. If this 
method is not available in your environment, or if it proves to be 
inconvenient, then we suggest dry heat. In this approach, simply securely 
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wrap the electrode(s) in a paper folder and place the package in an oven 
for 60 minutes at a temperature of 130°C. Both these approaches are 
appropriate for needle and wire electrodes. For needle electrodes, it is 
sometimes convenient to sterilize them in boiling water that is under 
more than | atmosphere of pressure. 

Antibacterial chemical baths are not recommended for sterilizing 
electrodes. 

During sterilization, caution should be exerted to ensure that the 
temperature does not damage the insulation of the wires and the adhesive 
used to bond the wires to the needles. The commonly used materials for 
this purpose may be continuously exposed to the following temperatures 
without mechanical damage: Teflon, 150 to 200°C; nylon, 80 to 120°C; 
and expoxy, ~ 175°C. Continual exposure to higher temperature may 
structurally damage needle and wire electrodes. 


HOW TO CHOOSE THE PROPER ELECTRODE 


The specifics of the type of electrode that is chosen to detect the EMG 
signal depend on the particular application and the convenience of use. 
The application refers to the information that is expected to be obtained 
from the signal, for example, obtaining individual MUAPs or the gross 
EMG signal reflecting the activity of many muscle fibers. The conveni- 
ence aspect refers to the time and effort that the investigator wishes to 
devote to the disposition of the subject or the patient. Children, for 
example, are commonly resistant to having needles inserted in their 
muscles. 

We recommend the following electrode usage. However, the reader 
should keep in mind that crossover applications are always possible for 
specific circumstances. 

Surface electrodes 

Time-force relationship of EMG signals 

Kinesiological studies of surface muscles 

Neurophysiological studies of surface muscles 

Psychophysiological studies 

Interfacing an individual with external electromechanical devices 
Needle electrode 

MUAP characteristics 

Control properties of motor units (firing rate, recruitment, etc.) 

Exploratory clinical electromyography 
Wire electrodes 

Kinesiological studies of deep muscles 

Neurophysiological studies of deep muscles 
Limited studies on motor unit properties 
Comfortable recording procedure from deep muscles 


Each of these suggested categories often has specific applications that 
require special properties of the electrode. We will now discuss some of 
these properties. They are: electrode configuration; voltage decrement 
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function of muscle tissue; electrode pickup area and cross-talk electrical 
properties of electrode-electrolyte interface; and filtering properties of 
bipolar configuration. The novice in electronics should review the section 
on impedance and filter functions at the beginning of this chapter prior 
to reading the following material. 


Electrode Configuration 


The electrical activity inside_a muscle or on the surface of the skin 
outside a muscle may be easily acquired by placing an electrode with 
only one detection surface in either environment and detecting the 
electrical potential at this point with respect to a “reference” electrode 
located in an environment which is either electrically quiet or contains 
electrical signals which are unrelated to those being detected. (By unre- 
lated, it is meant that the two signals have minimal physiological and 
anatomical association.) A surface electrode is commonly used as the 
reference electrode. Such an arrangement is called monopolar and is at 
times used in clinical environments because of historical precedents and 
its relative technical simplicity. In the early days of electromyography 
(circa 1940) electronics amplifiers were considerably inferior to and 
much more limited than today’s versions. Schematic arrangement of the 
monopolar detection configuration may be seen in Figure 2.9. 

The monopolar configuration has the drawback that it will detect all 
the electrical signals in the vicinity of the detection surface; that includes 
unwanted electrical signals from sources other than the muscle being 
investigated. 

The bipolar detection configuration overcomes this limitation. This 
configuration is also displayed in Figure 2.9. In this case, two detection 
surfaces are used to detect two potentials in the muscle tissue of interest, 
each with respect to the reference electrode. The two signals are then 
fed to a differential amplifier which amplifies the difference of the two 
signals, thus eliminating any “common mode” components in the two 
signals. Signals emanating from the muscle tissue of interest near the 
detection surface will be dissimilar at each detection surface due to the 
localized electrochemical events occurring in contracting muscle fibers. 
Whereas “ac noise” signals originating from a more distant source (such 
as 50- or 60-Hz electromagnetic signals radiating from power cords, 
outlets, and electrical devices) as well as “dc noise” signals (such as 
polarization potentials in the metal-electrolyte junction) will be detected 
with an essentially similar amplitude at both detection surfaces and, 
therefore, will be subtracted prior to being amplified. This idealized 
behavior of the differential amplifier cannot be achieved with present 
day electronics. The measure of the ability of the differential amplifier 
to eliminate the common mode signal is called the common mode 
rejection ratio. 
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Figure 2.9. (Top) Monopolar detection arrangement. (Bottom) Bipolar detection 
arrangement. Note that in the bipolar detection arrangement, the EMG signals 
are considered to be different, whereas the noise is similar. 
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Decrement Function of Muscle Tissue 


Muscle tissue presents an internal impedance to the propagation of 
electric currents. The impedance is frequency dependent; it is less for 
lower frequencies than for higher frequencies. It will also be a function 
of the distance between the sources of the EMG signal and the detection 
surfaces of the electrode. Thus, the muscle and adjacent tissues may be 
considered as a distance-dependent filter. Lindstrom (1970), through 
elaborate mathematical modeling,.was able to calculate the tissue filter 
functions. His results, which are a simplified representation of the real 
environment, are nonetheless very helpful in providing guidance and 
insight in the behavior of tissue properties. They are presented in Figure 
2.10. These curves represent the tissue filter properties as a function of 
distance perpendicular to the muscle fiber. 

In reality, the impedance of muscle tissue is not isotropic, i.e., similar 
in all directions. In fact, it is highly direction dependent, i.e., anisotropic. 
The anisotropy is due to the nonhomogeneity of the anatomical construc- 
tion of a muscle; muscle fibers are normally arranged lengthwise, and 
the surrounding extracellular fluid forms lengthwise channels parallel to 
the muscle fibers. These “channels” of lower impedance branching 
throughout the muscle make it very difficult to define precisely the 
current distribution within a muscle. In fact, the situation is considerably 
aggravated when the signal propagates through the fatty tissue and the 
skin to reach the surface of the skin, where it may be detected by surface 
electrodes. The considerably different electrical properties of the muscle 
tissue, fatty tissue, and skin cause inflections in the current field. 

This anisotropic property of the muscle tissue impedance has been 
known since the earliest attempts were made to measure it. Hermann 
(1871), using the crude instruments available in the last century, found 
that the magnitude of the impedance in a direction perpendicular to the 
muscle fibers was considerably greater than that in a direction parallel 
to the muscle fibers. Recently, Epstein and Foster (1983) have reported 
detailed measurements which indicate that the magnitude of the imped- 
ance in the perpendicular direction is 7 to 10 times greater than that in 
the longitudinal direction. These results are consistent with other re- 
ported measurements of a similar nature. 

Referring to Figure 2.10, it can be seen that at higher frequencies, the 
signal amplitude will decline sharply near the surface of the muscle fiber 
(D = 0) and then gradually diminish. This measure is known as the 
“decrement function.” This function is typically obtained by plotting the 
peak-to-peak amplitude of a muscle fiber action potential observed as 
the detecting electrode is moved away from the active muscle fiber along 
a perpendicular direction. (Note that the peaks of the action potential 
contain high frequency components. It is for this reason that the high 
frequency region of Figure 2.10 is used to provide a comparison in the 
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Figure 2.10. Representation of the tissue filter function. The parameter (D) 
indicates the distance from an active fiber to the detection electrode. These 
curves were obtained by designating the conduction velocity along the muscle 
fiber to be 4 m/s and the diameter of the muscle fiber to be 100 wm. (From L. R. 
Lindstrom, © 1970, Technical Report, Chalmers University of Technology, Sweden.) 


frequency domain for the peak-to-peak decrease in the time domain.) 
Figure 2.11 which is taken from the theoretical work of Andreassen and 
A. Rosenfalck (1978), clearly demonstrates the dramatic decrease in the 
peak-to-peak amplitude for different electrode configurations and ori- 
entations. Gath and Stalberg (1978) reported empirical results support- 
ing the theory. 

The information in Figures 2.10 and 2.11 indicates that small displace- 
ments of the electrode with respect to the active fibers, when the 
electrode is near the surface of the active fiber, cause drastic changes in 
the waveform of the detected signal. If the electrode is moved 100 um 
from the surface of a fiber, the peak-to-peak amplitude decreases by 
approximately 75%. It is this sharp radial decline which accounts for the 


APPARATUS, DETECTION, AND RECORDING 41 


sometimes drastic modifications of MUAP waveforms during muscle 
contractions. Even attempted constant-force isometric contractions may 
provide sufficient relative movement between the electrode and active 
muscle fibers to seriously disturb the amplitude and shape of the signal. 
At times this disturbance may be sufficient to render impossible the 
identification of MUAPs belonging to the same MUAPT. 

Figure 2.11 also demonstrates that rotation of the detection surfaces 
of a needle electrode will greatly modify the amplitude of the signal, 
especially if they are near the active muscle fiber. Empirical observations 
of this behavior have been reported by Andreassen and A. Rosenfalck 
(1978) for indwelling electrodes and by Vigreux et al (1979) for surface 
electrodes. This aspect of the detecting techniques provides both advan- 
tages and disadvantages. The wise investigator will exploit this property 
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Figure 2.11. Decline of the peak-to-peak amplitude of the muscle fiber action 
potential for a monopolar and bipolar electrode placed perpendicularly or parallel 
to the direction of the muscle fibers. The insert describes the orientations. The 
ordinate represents the amplitude in terms of percentage of the amplitude at 
distance 0 from the fiber surface. The abscissa presents the distance from the 
fiber surface to the nearest detection surface. The distance at which the ampli- 
tude declines to 25% is expressed for the three electrode arrangements by the 
horizontal line: monopolar, 116 um; bipolar perpendicular, 63 wm; bipolar par- 
allel, 76 wm. (From S. Andreassen and A. Rosenfalck, © 1978, IEEE Transactions 
in Biomedical Engineering.) 
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to improve the quality of the detected signal. It also follows that caution 
must be taken to prevent the needle electrode from unwanted rotations 
during a contraction, including attempted isometric contractions. 


Electrode Selectivity or Pick-Up Area and Cross-Talk 


When an electrical current propagates in a volume conductor, it is 
theoretically possible to detect a potential at any location throughout the 
medium. But, as is evidenced in Figure 2.11, the voltage gradient 
decreases quickly. Therefore, if an electrode is placed more than 2 or 3 
mm from the surface of an active muscle fiber the detected signal will 
have a very low amplitude, possibly lower than that of the extraneous 
unwanted signals, and thus will provide no useful information. It is 
therefore necessary to establish an arbitrary demarcation value that will 
define the pickup area. Several approaches have been proposed. Pollak 
(1971) suggested that the demarcation point be where the peak-to-peak 
amplitude of the action potential diminishes to 10%. Andreassen and A. 
Rosenfalck (1978) suggested a decrease to 25%, whereas Gath and 
Stalberg (1978) suggested that it be designated by the distance where 
the amplitude of the action potential diminishes to 200 ¢V. The defini- 
tions relating to the percentage decrease are more direct than those 
referring to an absolute value. In the latter case, the diameter of the 
muscle fibers will effect the measure because it is related to the amplitude 
of the action potential (P. Rosenfalck, 1969). 

The selectivity of an electrode will depend on the area of the detection 
surface, and in the case of bipolar electrodes, on the distance between 
the two detection surfaces. By using mathematical derivations based on 
the earlier work of P. Rosenfalck (1969), Andreasson and A. Rosenfalck 
(1978) were able to determine the selectivity of different types of 
electrodes. Pursuing their definitions of the pickup area, they obtained 
values for monopolar electrodes, bipolar electrodes oriented perpendic- 
ularly to the muscle fibers, and bipolar electrodes oriented in parallel to 
the muscle fibers. Figure 2.12 presents the borders of the pickup area 
(decrease to 25%) for electrodes whose detection surface has a diameter 
of 25 pm. It is interesting to note that the monopolar configuration is 
less sensitive (larger pickup area) than the bipolar configuration; and in 
the latter case the selectivity increases when the detection surfaces are 
oriented perpendicularly to the muscle fibers. 

The voltage decrement functions for the bipolar configurations pre- 
sented in Figure 2.11 are obtained by performing the operation depicted 
in Figure 2.13. In this figure, d represents the distance between the two 
detection surfaces. Take the amplitude of the monopolar decrement 
function beginning at a distance, d, and subtract it from the decrement 
function of the other detection surface. The resultant describes the 
voltage decrement function of the differential bipolar arrangement. 

In their report, Andreassen and A. Rosenfalck (1978) estimated that 
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Figure 2.12. Territories of pickup areas (decline of 75% of the amplitude) for: 
monopolar electrode (full semicircle) with detection surface at position 1; a 
bipolar perpendicular electrode (dashed line with two lobes) with detection 
surfaces of positions 1 and 2; and bipolar parallel electrode (dashed semicircle) 
with detection surfaces at position 1 and 25 um above or below position 1. At 
various positions on the micrograph, the number of fibers within the pickup area 
ranges from 9 to 17 for the monopolar electrode, 2 to 7 for the bipolar 
perpendicular electrode, 5 to 9 for the bipolar parallel electrode. (From S. 
Andreassen and A. Rosenfalck, © 1978, [EEE Transactions in Biomedical Engineer- 


ing.) 


for the monopolar configuration, 9 to 17 muscle fibers are located in 
the pickup area. For a bipolar configuration (25-um diameter wires 
spaced 50 um apart), 2 to 9 muscle fibers would be circumscribed by the 
pickup area if the detection surfaces were oriented perpendicularly to 
the fibers, 5 to 9 if oriented parallel to the muscle fibers. The reader is 
cautioned that these numbers would be higher if a more generous 
measure of the pickup area were used, say, a decrease to 10% of the 
amplitude. In any case, it is apparent that the most selective electrode is 
the bipolar electrode, which is constructed with the smallest detection 
surfaces and with the smallest separation between the detection surfaces. 
The selectivity is further accentuated by orienting the detection surfaces 
in a direction perpendicular to that of the muscle fibers. 
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Figure 2.13. Method for calculating the decrement function of bipolar elec- 
trodes from the decrement function of a monopolar electrode. The detection 
surfaces of the bipolar electrode are identical and similar to those of the 
monopolar electrode. The distance (D) describes the center-to-center separation 
between the detection surfaces of the bipolar electrode. The operation is 
performed by taking the segment of the monopolar curve, beginning at d to 
infinity; inverting (as required by differential arrangement); shifting it back to d = 
0; and subtracting its values from the original monopolar curve. 


The reader is reminded that during submaximal contractions, not all 
the muscle fibers will be active and that adjacent fibers commonly belong 
to different motor units. Therefore, by judiciously placing a highly 
selective monopolar or bipolar needle electrode in the muscle, it is 
possible to detect extracellular action potentials from single muscle fibers 
during submaximal contractions. This is the basis of single fiber electro- 
myography. 

The high selectivity, although a blessing for some applications, may be 
a nightmare for others. Consider the situation where there is some 
relative movement between the active muscle fibers and electrode. Minor 
relative movements in the order of 100 ym will locate the pickup area 
of a selective electrode in an entirely different field of muscle fibers 
which, given the random intermingling of muscle fibers of different 
motor units, may belong to different motor units. Such minute relative 
movements may occur even during attempted constant-force isometric 
contractions. 

Wire electrodes, which generally have larger detection surfaces and 
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are usually spaced 1 to 2 mm apart, therefore will have a larger pickup 
area. However, unlike needle electrodes they may move within the 
muscle without external indications. Such hidden relative movements 
between the detecting surfaces and the active fibers may cast serious 
ambiguity on the reliability of data relating to properties of individual 
motor units. 

Surface electrodes, even the ones which have relatively small (less than 
2 mm) detection surfaces, are not generally considered to be selective. 
In fact, an efficient design of surface electrodes is directed at obtaining 
as much activity as possible from one muscle. However, such attempts 
must be counterbalanced with the discrimination of EMG signals from 
adjacent muscles, including muscles deep to the one of interest. This 
“interference” of EMG signals from muscles other than the one(s) under 
the electrode is referred to as cross-talk. There is no fixed solution for 
guarding against cross-talk. Each electrode configuration and anatomical 
architecture of the adjacent musculature requires a specific solution to 
the design of the surface electrode. 

Surface electrodes are generally used in the bipolar configuration. 
The differential amplification arrangement is essential to remove the 
unwanted “noise” signals on the surface of the skin which are generally 
present in most environments. (It should be mentioned that monopolar 
surface electrodes may be used successfully if the reference electrode is 
large, makes good electrical contact with the skin, and is judiciously 
located.) The size of the detecting surfaces is not highly critical. Al- 
though, ideally they should be as large as possible, the advantages of 
increasing their dimension quickly disappears above a diameter of 5 mm. 
Therefore, the major question with respect to selectivity is how far apart 
the detection surfaces should be located. This question may easily be 
answered by performing the calculation represented in Figures 2.13. 
Lynn et al (1978) proposed a rule-of-thumb to simplify the above calcu- 
lation: If the electrical characteristics of the tissue(s) beneath the elec- 
trode are reasonably homogeneous, the distance between the detecting 
surfaces corresponds roughly to the distance from which muscle fiber 
will contribute meaningfully to the EMG signal. The reader is cautioned 
that the anisotropy of the tissue(s) beneath the electrode may consider- 
ably alter the direction of the current path and render this simplification 
meaningless. 

We recommend that a standard interdetection-surface spacing of 1 cm be 
used in surface electrodes. This spacing is compatible with the anatomical 
architecture of most muscles in the human body. In the following section, 
discussing signal bandwidth considerations, it will be seen that this 
spacing has other advantages. 


Filtering Properties of Electrode-Electrolyte Interface 
All electrode-electrolyte (including skin) interfaces have an impedance 
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consisting of resistances and capacitances. This impedance is frequency 
dependent. Given that the signal generated by the muscle fibers is a 
current source, the electrode-electrolyte interface can be thought of in 
terms of a filter for the voltage generated on the electrode. Most 
electrodes that are used in electromyography may be conveniently con- 
sidered to be a high-pass filter. The characteristics of the high-pass filter 
vary with electrode type and with the characteristics of the electrode- 
electrolyte junction. This behavior is particularly sensitive for needle 
electrodes having small detection surfaces (see De Luca and Forrest, 
1972). The reader who is interested in more details on this topic is 
referred to the book by Geddes (1972). Figure 2.14 presents the mag- 
nitude of the impedance function for monopolar and bipolar needle 
electrodes. The detection surfaces were formed by the circular cross- 
section of the 25-um diameter nickel-chromium alloy wires spaced 50 
um apart (in the bipolar configuration). The figure also shows the effect 
of the electrolysis procedure mentioned earlier in this chapter. These 
impedance values are typical of extremely selective (small detection 
surface) electrodes. The dashed lines represent Bode representations of 
the impedance function. The equations derived from these representa- 
tions are provided for each case of Figure 2.14. Each additional term in 
the equations indicates and increases in the complexity of the resistor- 
capacitor model required to describe the behavior of the magnitude of 
the impedance. 

For wire and surface electrodes, the magnitude of the impedance is 
considerably less. Antonelli et al (1982) have reported measurements for 
typical surface and wire electrode bipolar configurations. Their data is 
presented in Figure 2.15. Note that the magnitude of the impedance is 
generally higher for wire electrodes and for smaller detection surfaces. 


Filtering Property of Bipolar Configurations 

This is a property of bipolar electrodes when used in a differential 
amplification arrangement. 

As demonstrated in Figure 2.9, the two input signals are subtracted 
and then amplified. Now, if the two detection surfaces are placed parallel 
to the muscle fibers, the action potential waveform will reach one 
detecting surface before the other. The differences in the times of arrival 
will be a function of the conduction velocity of the muscle fiber(s) and 
the interdetection surface separation. It follows that the frequency com- 
ponents of the propagated signal whose wavelength is equal to the 
interdetection surface separation (d) will cancel out (refer to signal 1 in 
Fig. 2.16A for a graphic explanation). In a similar fashion, it may be 
argued that the frequencies component whose wavelength is equal to 2d 
will be amplified with no loss. (refer to signal 2 in Fig. 2.16A). This 
pattern will be repeated for every multiple integral frequency value. The 
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Figure 2.14. Magnitude of the impedance of a monopolar and bipolar needle 
electrode: (1) before electrolysis; (2) 72 hr after electrolysis and (3) 10 minutes 
after electrolysis. These values represent the average and standard deviations of 
12 electrodes built with 25 um wires and spaced approximately 50 um apart. 
The dashed lines represent Bode representations which describe the impedance 
function. The equations derived from these representations are provided for 
each case. (From C.J. De Luca and W.J. Forrest, © 1972, IEEE Transactions in 
Biomedical Engineering.) 
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Figure 2.15. Typical values of the magnitude of the impedance of surface and 
wire electrodes. The filled circle represents a monopolar arrangement; the rest 
are all bipolar. S, diameter of detection surface; D, interdetection surface spacing; 
L, exposed tip length. (From D. Antonelli et al, © 1982, Pathokinesiology Lab, 
Rancho Los Amigos Hospital, California.) 


corresponding cancellation frequency and pass frequency values may be 
expressed as: 


nv 
Seanceltation = a n=1, 2, 3,--- 


nv 
Spass = 94 n= 1, 3,5,>-- 

where v is conduction velocity along muscle fibers and d is interdetection 
surface separation. It further stands to reason that frequencies having 
other values will be subject to some attentuation. 
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Figure 2.16. (A) Schematic representation of the filtering aspects of the differ- 
entially amplified bipolar detection. As the signal travels along a muscle fiber at 
its conduction velocity, it will pass by both detection surfaces sequentially, with 
a delay proportional to the interdetection surface spacing (d). Some of the 
frequency components of the signal will have wavelengths which are multiples 
of the distance d (cancellation frequency); these will cancel out when amplified 
differentially. When the wavelength is equal to 2d (as in signal 2), the signal will 
add (pass frequency). (B) Alternating behavior of the filter function and cancel- 
lation frequencies. The solid line represents the filter function of a surface 
electrode and is calculated for an interdetection surface spacing of 1 cm and a 
conduction velocity of 4 m/s. The dashed line represents the filter function of a 
typical needle electrode and is calculated for an interdetection surface spacing 
of 0.5 mm and a conduction velocity of 4 m/s. It is apparent that the bipolar 
filter function is of concern for surface electrodes and has minor relevance in 
needle electrodes. 
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By applying elegant mathematical modeling, Lindstrom (1970) was 
able to derive the complete differential filter function, whose magnitude 
may be expressed as: 


R(w,d) = K sin? (=) 


where K is a scaling factor representing the various gain factors of the 
electrode-electrolyte interface. This function is displayed in Figure 
2.16B. This particular example was calculated by letting d = 1.cm and 
v=4m/s. 

In the case of needle or wire electrodes, where the interdetection 
surface spacing is considerably smaller, the first cancellation frequency 
would occur at considerably higher values. Let us take, for example, a 
needle electrode with an interdetection surface separation of 0.5 mm. 
For a conduction velocity of 4 m/s, the first cancellation point would 
occur at 8 kHz, and the first pass frequency would be at 4 kHz. These 
values are located well into the higher end of the EMG signal spectrum. 
Hence, only the first and possibly the second cycles will influence the 
EMG signal. The shape of the latter filter function is also shown in 
Figure 2.16B. 

Now it must be pointed out that these functions have been calculated 
for one muscle fiber which is modeled as an infinitely long cylinder in 
an unbounded medium, a clearly unrealistic representation which, none- 
theless, does provide a useful expression of the filtering characteristics 
of the filter. Of greater concern in the environment of real muscle fibers 
is that they are not all necessarily oriented parallel to each other and, 
therefore, parallel to the electrode, and that they do not all have identical 
conduction velocities. Thus, the resulting filter function of the bipolar 
electrodes to the EMG signal, which may be thought of as a summation 
of the individual filter functions of the action potential, in all likelihood 
will not be so well defined, nor will it have such well-defined “dips.” 

The above equation indicates that the bandwidth of the electrode 
filter function increases as the interdetection surface distance d decreases. 
Empirical verification of this fact has been reported by Parker and Scott 
(1973), Zipp (1978), and Lynn et al (1978), all of whom presented 
evidence that the bandwidth of the detected EMG signal increases as the 
interdetection surface distance decreases. 


ELECTRONICS CONSIDERATIONS 


It is now apparent that the EMG signal is filtered by the tissue and the 
electrode in the process of being detected. Before the signal may be 
observed, it is necessary to amplify it. This latter procedure may also 
modify the frequency characteristics of the signal. In order to describe 
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this process, it is necessary to describe some properties and parameters 
of electronic amplifiers. They are: 


(a) Noise characteristics 

(b) Signal-to-noise ratio 

(c) Gain 

(d) Common mode-rejection ratio 

(e) Input impedance and input bias current 
(f) Bandwidth 


For this purpose it is useful to refer to Figure 2.9 and define the following 
terms: 


G = gain of the amplifier 
m =the detected wanted signal (the EMG signal) 
n =the detected unwanted signal (the noise) 


Noise 


This term can be defined as any unwanted signal which is detected 
together with the wanted signal. Our environment is inundated with 
myriad electrostatic and electromagnetic fields. The presence of electro- 
static fields has been completely overlooked in electromyogaphy. This 
oversight has been mainly due to the fact that the equipment used 
generally filters out DC signals. However, the presence of “static elec- 
tricity” on the surface of a subject may reach proportions which may 
damage the electrode characteristics and, possibly, the amplifiers. High 
levels of static electricity are often present when a subject wears polyester 
clothing and the humidity level of the air is low. Electromagnetic fields 
are ever present in a variety of forms such as 50 or 60 Hz from power 
lines and electrical devices which operate on line current, radio signals, 
television signals, and communications signals, to name a few. 

To these, also add electrical noise generated by the very equipment 
which we employ to detect and record the EMG signal. These are: (1) 
the “thermal noise” generated by the electrodes; this physical property 
of metals is proportional to the square root of the resistance of the 
detection surface and cannot be eliminated but may be reduced to the 
point that it is not a factor of concern by cleaning the electrode contacts, 
as described in a previous section in this chapter; (2) the noise generated 
by the first stage of the amplifiers; this is a physical property of semicon- 
ductors and cannot be completely eliminated, but may be reduced by 
the continual advances that are being made in semiconductor physics. 
The user has no recourse but to choose (or construct) an amplifier that 
has low noise. 

To the above sources we should add another which assumes particular 
importance in electromyography, that is, motion artifact. This disturbance 
may occur in two locations; at the electrode-tissue interface or at the 
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wire leads connecting the electrodes to the amplifier. The prior source 
has two origins. One is any relative movement of the electrode and 
tissue. As described previously in this chapter, when any two materials 
having dissimilar electrical properties come in contact with each other, 
there is a lack of chemical equilibrium at the junction, which in turn 
generates a polarization potential. Any relative movement at the junction 
modulates the polarization potential and generates an AC current which 
generates the noise signal. The other is the “skin potential.” Under 
normal conditions, a voltage of approximately 20 mV exists across the 
skin layers. It is generally believed that this potential is originated by 
“injury currents” of the dead cells as they migrate to the surface of the 
skin. In any case, the voltage varies as the skin is stretched, as is the case 
when the muscles underneath it contract or as a limb is displaced. It is 
of interest to point out that abrasion of the skin reduces this component 
of motion artifact because as the skin is pierced, the voltage across the 
skin is shorted out (refer to Burbank and Webster, 1978, for details). 
The noise resulting from the leads movement is caused by the natural 
phenomenon that is used to create current in a generator. That is, a 
metallic wire (the lead) is moved through electromagnetic fields (which 
as described before are pervasive in our environment). The voltage 
resulting from these mechanical artifacts may be large (several millivolts) 
so that they seriously contaminate the EMG signals. This problem is 
accentuated when the input impedance of the amplifier is high because 
a small current passing through a high impedance may generate a high 
voltage. The reader is reminded of the basic relation (V = JZ) between 
voltage (V), impedance (Z), and current (J). It should also be pointed out 
that because these forms of electrical noise are induced by movements 
of the body tissues, they will be limited to frequency components that 
are less than 30 Hz. The human body, or parts of it, will not oscillate 
with any easily measurable energy or higher frequencies. 

All these noise sources are the critical ones because they are added to 
the wanted signal prior to amplification; therefore any amplification will 
increase both the wanted and unwanted signals. 


Signal-to-Noise Ratio 
In any scheme for detecting, amplifying, or recording signals, the ratio 
of the wanted signal to the unwanted signal is the single most important 
factor to be considered. It is the factor which measures the quality of the 
signal. 


Gain 
Referring to Figure 2.9, we can describe the amplification of the 
detected signal in the following fashion: 


Monopolar amplified signal = G(m + n) 
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Bipolar amplified signal = G[(m, + n) — (mg + n)] 
= G(m, — M2) 


The advantage of the bipolar configuration is now apparent. Ideally, the 
noise component is removed. This idealized representation for the 
differential amplification associated with the bipolar detection configu- 
ration indicates that if the noise signal fed to the amplifier is similar in 
all respects (amplitude, phase and frequency components), then it will be 
totally eliminated. This perfect cancellation does not occur in real 
differential amplifiers for two reasons. First, the amplifiers cannot sub- 
tract perfectly. The measure of how well the differential amplifier 
subtracts (reject) the common mode signal is called the “common mode 
rejection ratio,” and will be addressed in the following section. The 
second reason is that the noise signal reaching the two input stages of 
the differential amplifier is not necessarily common mode. This is partic- 
ularly true if the tissue media is anisotropic. 

Another point that should be mentioned concerns the amount of 
amplification required to observe or record the EMG signal. It is appar- 
ent in the above formulation that the bipolar configuration will require 
greater amplification. However, this is of no concern because the values 
of the gains required in both cases are well within the capabilities of 
ordinary electronics amplifiers. 


Common Mode-Rejection Ratio 

In practice, the performance of differential amplifier circuits departs 
from the ideal characteristics mentioned above. Gain imbalance and 
nonlinearities in the amplifier’s differential input stages cause errors in 
the subtraction process. As a result, signals common to each input (Ez) 
do not cancel completely and produce an undesirable common-mode 
error voltage at the amplifier output (£,). The ratio between the com- 
mon-mode voltage (Em) of the amplifier and its common-mode error 
voltage (E£,) is defined as the common-mode rejection ratio (CMRR) 


Eom 


CMRR = 
E. 


The importance of the CMRR becomes apparent when dealing with the 
effects of external fields such as power line-induced interference radiat- 
ing from the environment. Referring to Figure 2.17, we can model the 
effect of an external signal field acting on the tissue media as two current 
sources (i,) in parallel with their respective tissue impedances (Zn). If the 
tissue media impedance (Z,,) is isotropic, and the external field gradient 
across the tissue media is constant, then the fields induced currents (i,) 
at each input are equal and will cancel. Obviously, the higher the CMRR 
of the amplifier, the better the cancellation of these undesirable currents. 
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Figure 2.17. (Top) Diagramatic representation of impedances and currents in 
the tissues, electrode, and amplifier: 


i, = source current from EMG signal 
i, = common current from noise 
ip = input bias current from amplifier 


Z,, = tissue impedance seen by source current 

Ztn = tissue impedance seen by noise current 

Zie = tissue electrode impedance of the metal electrolyte interface 
Z, = input impedance of amplifier 


(Bottom) The schematic diagram representing the electrical interaction of the 
EMG signal, extraneous noise, electrode, and amplifier. 


Input Impedance and Input Bias Current 

In order to accurately measure the amplitude and waveshape param- 
eters of the EMG signal, it is necessary to understand how the input 
impedance and input bias current of the differential amplifier can influ- 
ence these parameters. The concept of impedance has been discussed at 
the beginning of this chapter. The input bias current may be thought of 
as the minimal constant current required to keep the amplifier active. 
Since the differential amplifier is not ideal, it has a finite impedance at 
each input and nonzero input bias current. As demonstrated in Figure 
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2.17, the bias current flows out of the amplifier. Thus, it stands to reason 
that any signal which has a current less than the bias current will not be 
amplified. In modern amplifiers this current is considerably small (<< 100 
pA) so that it does not present any danger to the subject when the 
electrode is on the skin or in a skeletal muscle. However, in needle 
electrodes which have small detection surfaces (<100 um), the current 
may be sufficient to alter the chemical structure of the surface layer over 
repeated applications. This, in turn, will alter the metal-electrolyte filter- 
ing characteristics of the electrode. (Referring to Fig. 2.17, we can model 
the input of the amplifier with an impedance (Z,) and current source (i) 
from each input to ground reference. When an EMG signal source is 
connected to the inputs, these bias currents flow through the signal 
source. The output of the signal source is likewise shunted across the 
input impedance (Z,). The amount of signal shunting depends on Z, and 
the distributed impedance of the EMG signal source. 

The distributed impedance of the EMG signal source is determined 
by the impedance characteristics of the tissue (Z,,) and the tissue-electrode 
interface, (Z,). As discussed in previous sections, these impedances have 
both resistive and reactive components due to the capacitive effects of 
tissue media and electrode interface. The value of the distributed source 
impedance can vary greatly, depending on the impedance of the needle 
or surface electrode interface configuration (Z,.) and the amount of 
intervening tissue (Z,,), typically 10* to 10° ohms at 1 kHz. To minimize 
waveshape distortion and attentuation of the signal source due to the shunting 
by the amplifier, the input impedance (Z,) should be much larger (10'* in 
parallel with 5 pf) than the distributed source impedance. 


Bandwidth 


All amplifiers have limits on the range of frequency over which they 
operate. In fact, limitations of amplifiers are commonly measured in 
gain-bandwidth quotient. The value of the quotient is defined by the 
type of semiconductor components used. This limitation does not present 
a problem in electromyography because amplifiers providing the re- 
quired gain over the necessary bandwidth are commonly available and 
easy to design. The bandwidth of an amplifier may be conceptualized as 
a window in the frequency domain. The frequencies of a signal that 
coincide between the borders of the window, i.e., the bandwidth, will 
pass with minimal, if any, diminution; whereas, frequency components 
outside the bandwidth will be suppressed or eliminated. In this sense, an 
amplifier can be considered as a filter with gain (refer to Fig. 2.1 and 
the discussion at the beginning of the chapter for more details). 

Some amplifiers are specially designed to amplify dc signals. Such 
amplifiers require special circuitry to eliminate “drift” as a function of 
temperature. They generally have low bandwidths, usually up to 100 
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Hz. They are typically used to amplify signals such as those generated 
by force, pressure, and temperature transducers. 

In electromyography, it is highly advisable not to DC couple the 
electrodes to the amplifiers for the following reasons: (1) The dc 
polarization potential present at the electrode-electrolyte interface may 
be as large as the EMG signal being detected. (2) Motion artifacts in the 
lead wire will generally have low frequencies (<20 Hz), and thus they 
would also be amplified. (3) The frequency components of the EMG 
signal below 20 Hz are unstable and fluctuate with a considerable amount 
of unpredictability. This point will be elaborated in Chapter 3. For these 
reasons, it is recommended that for general applications the low-fre- 
quency 3 dB point be set at 20 Hz. The high frequency 3 dB point 
should be set to a value slightly higher than the highest frequency 
components of the wanted signal. As will be seen shortly, this value is 
dependent on the type of electrode used to detect the signal. Any noise 
signal having frequency components greater than the high 3 dB point 
will be attentuated, thus increasing the signal-to-noise ratio of the ampli- 
fied signal. 


RECORDING ASPECTS 


Having detected and amplified the signal, it is necessary to display it 
in some fashion so that it may be employed. A variety of devices and 
media may be used for this purpose. The most common approach is to 
display the amplified signal on an oscilloscope. If a permanent record is 
required, it is useful to record the signal on a frequency-modulated (FM) 
tape recorder. FM tape recorders are used because they have a bandpass 
which includes dc. The great advantage of storing the signal on FM 
tape is that it may be replayed and transferred to other media. Permanent 
visual records are commonly produced on strip-chart recorders, of which 
there are at least three types. One type prints on paper via an electro- 
mechanical pen, another via a galvanographic or oscillographic process 
on ultraviolet sensitive paper, and the third prints on paper via an ink 
jet spray. 

The primary concern of recording the signal is that the bandwidth of 
the device be greater than the bandwidth of the amplified signal. If the 
signal has been amplified with a proper gain (yielding a +1 V peak-to- 
peak value), the noise considerations become minimal at this stage. For 
oscilloscopes, this is a trivial issue, because they all have much wider 
bandwidth specifications. FM magnetic tape recorders have bandwidths 
whose upper 3 dB point is linearly related to the speed of the tape. All 
brand-name commercially available FM tape recorders have bandwidths 
which are required for EMG signal storage. It is only necessary to ensure 
that the appropriate speed is used when recording the signal. 

Strip chart recorders present a more restrictive barrier. The type 
which prints with an electrical-mechanical pen has severe bandwidth 
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limitations, typically 0 to 60 Hz. Clearly any attempt to record the EMG 
signal directly on such devices sacrifices most of the energy in the signal 
and, thus, most of the information. However, such devices are obviously 
convenient. They may be properly employed if the signal is first recorded 
on FM tape at a relatively high speed, and is subsequently played back 
to the strip-chart recorder at a lower speed. The ratio of the high to low 
speeds effectively multiples the bandwidth of the strip-chart recorder. 
So, if a speed reduction ratio of 32 is used, the strip-chart recorder will 
have an effective bandwidth of approximately 0 to 2000 Hz. Such a 
bandwidth is acceptable for surface electrodes and adequate for wire and 
needle electrodes. This procedure has the disadvantage that it cannot be 
performed in real time. The ultraviolet sensitive strip-chart recorders, 
as well as some ink jet recorders which are now appearing on the market, 
have bandwidths that are considerably higher, typically 0 to 750 Hz. 
These may be used to record EMG signals detected with surface elec- 
trodes directly without sacrificing a significant part of the signal. They 
may be (and are often) used to record signals directly from indwelling 
electrodes. Although they provide a visually proper representation of 
signals obtained by indwelling electrodes, it is wise to remember that the 
higher frequency components have been removed. Therefore, measure- 
ments of the amplitude of peaks and peak-to-peak slopes will misrepresent 
the actual (postdetected, prerecorded) values. However, these devices 
may be used in real time, and as such may inherently provide some 
advantages, especially in clinical environments. Nonetheless, the images 
traced on the strip-chart must be interpreted with the forewarned 
caution. 

With the exploding popularity of digital computers in laboratories and 
clinics, it has become possible to record the EMG signals directly on 
digital storage media (computer memory, disks, or digital magnetic tape). 
This is accomplished by sampling the signal at regular intervals and 
expressing the amplitude value at each point as a binary value (power of 
2) and storing this value. This operation is known as digitization. In this 
operation, the sampling rate is an important factor. A minimal require- 
ment to preserve the frequency information of the signal is that the 
sampling rate be at least twice the value of the highest frequency 
component of the signal. This is known as the Nyquist frequency. Other 
considerations such as signal amplitude, prefiltering, aliasing, etc., must 
also be addressed when digitizing a signal. Although computer programs 
for performing this operation are readily available, the novice is strongly 
advised to obtain assistance from competent individuals prior to attempt- 
ing this operation. 


OVERVIEW OF DETECTION AND RECORDING PROCEDURES 


It is now apparent that the entire procedure of acquiring an observable 
EMG signal consists of a catenation of filtering processes, each of which 
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modifies, in some respects, the amplitude and frequency characteristics 
of the observed signal. 

It is important to remember that the characteristics of the observed EMG 
signal are a function of the apparatus used to acquire the signal as well as 
the electrical current which is generated by the membrane of the muscle fibers. 

For the sake of convenience, the block diagram in Figure 2.18 presents 
all the individual filtering steps which have been discussed. Some minor 
filtering effects due to the size of the detection surfaces, location of the 
electrode with respect to the neuromuscular junction and tendons, etc. 
have not been discussed. Their effects are difficult to calculate and do 
not alter the signal characteristics in any considerable amount. 


Practical Considerations 


It is always desirable to detect and record the EMG signal with minimal 
distortion and extraneous contamination. We will now list some practical 
considerations which will assist in accomplishing the task. These pointers 
essentially represent a summary of the previous discussions in this chap- 
ter, the details of which should now be familiar to the reader. 


Tissue Filtering 


1. The voltage decrement function decreases rapidly with distance; 
therefore, inserted electrodes will only detect signals from nearby muscle 
fibers. The amplitude of action potentials decreases to 25% within 100 
um. 

2. The filtering characteristics of the muscle tissues is a function of the 
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Figure 2.18. Block diagram of all the major aspects of the signal acquisition 
procedure. Note the variety of physical properties that act as filters to the EMG 
signal before it can be observed. The term physiological EMG signal refers to the 
collection of signals which emanate from the surface of the muscle fibers. They 
are not observable. 
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distance between the active muscle fibers and the detection surface(s) of 
the electrode. In the case of surface electrodes, the thickness of the fatty 
and skin tissues must also be considered. The tissue(s) behaves as a low- 
pass filter whose bandwidth and gain decreases as the distance increases. 

3. The muscle tissue is highly anisotropic. Therefore, the orientation 
of the detection surfaces of the electrode with respect to the length of 
the muscle fibers is critical. 


Electrode-Electrolyte Interface 

1. This electrochemical junction also behaves as a high-pass filter. 

2. The gain and bandwidth will be a function of the area of the 
detection surfaces, electrolytic treatment of the surfaces, and any chem- 
ical-electrical alteration of the junction. 

3. The detection surfaces should always be kept clean. 


Bipolar Electrode Configuration 

1. This property ideally behaves‘as a band-pass filter. However, this is 
only true if the inputs to the amplifier are balanced and if the filtering 
aspects of the electrode-electrolyte junctions are equivalent. 

2. A larger interdetection surface spacing will render a lower band- 
width. This aspect is particularly significant for surface electrodes. 

3. The greater the interdetection surface spacing, the greater the 
susceptibility of the electrode to detecting measurable amplitudes of 
EMG signals from adjacent and deep muscles. Again, this aspect is 
particularly significant for surface electrodes. A rule of thumb is that the 
electrodes will detect measurable signals from a distance equal to the 
interdetection surfaces spacing. However, the anisotropy of the tissues 
beneath the electrode may augment the sensitivity of the electrodes 
along the surface of the muscle creating cross-talk. 

4. An interdetection surface spacing of 1.0 cm is recommended for 
surface electrodes. 


Amplifier Characteristics 


1. These should be designed and/or set for values which will minimally 
distort the EMG signal detected by the electrodes. 

2. The length of the leads to the input of the amplifier (actually, the 
first stage of the amplification) should be as short as possible and should 
not be susceptible to movement. This may be accomplished by building 
the first stage of the amplifier (the preamplifier) in a small configuration 
which may be physically located near (within 10 cm) of the electrode. 
The necessity of this precaution is accentuated when amplifiers with high 
input impedance (>10’ ohm) are used. 

3. Typical settings and characteristics are: 


a. Gain: such that it renders the output with an amplitude of approximately 
+1 V. 
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b. Input impedance > 10'2 ohms resistance in parallel with 5 pf capacitance. 

c. Common mode rejection ratio: >100 dB 

d. Input bias current: as low as possible (typically less than 50 pA) 

e. Noise < 5uV rms 

f. Bandwidth (3 dB points for 12 dB/octave rolloff): 
Surface electrodes 20-500 Hz 
Wire electrodes 20-1000 Hz 
Monopolar and bipolar needle electrodes for 

general use 20-1000 Hz 

Needle electrodes for signal decomposition 1000-10,000 Hz 
Single fiber electrode 20-10,000 Hz 
Macroelectrode 20-10,000 Hz 


Recording Characteristics 


The effective or actual bandwidth of the device or algorithm that is 
used to record or store the signal must be greater than that of the 
amplifiers. 


Other Considerations 


1. It is preferable to have the subject, the electrode, and the recording 
equipment in an electromagnetically quiet environment. However, if all 
the procedures and cautions discussed in this chapter are followed and 
heeded, high quality recordings will be obtained in the electromagnetic 
environments found in most institutions, including hospitals. 

2. When using indwelling electrodes, great caution should be taken to 
minimize (eliminate, if possible) any relative movement between the 
detection surfaces of the electrodes and the muscle fibers. Relative 
movements of 0.1 mm may dramatically alter the characteristics of the 
detected EMG signal and may possibly cause the electrode to detect a 
different motor unit population. 


WHERE TO LOCATE THE ELECTRODE 


Prior to entertaining a discussion on the preferred location of elec- 
trodes in a muscle or on the surface of a muscle, we would like to dispel 
a common fallacy which, to our knowledge, has been prevalent for many 
years among electromyographers, that is, the common practice of locat- 
ing the detection electrode in the vicinity of the motor point of the 
muscle. (This location is the surface projection of the anatomical center 
of the innervation zone of the muscle.) The reasoning presumably is that 
the motor point is to some extent an electrically and anatomically 
definable point. Another fallacious rationale is at times advanced by the 
belief that the motor point, being the location where an externally 
applied electrical current causes the maximal excitation of the muscle, 
should therefore be the location that provides the greatest signal ampli- 
tude. This is not so. Even if it were so, the availability of larger amplitude 
is not an important consideration. However, there are three important 
considerations. They are: (1) signal-to-noise ratio; (2) signal stability 
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(reliability); and (3) cross-talk from adjacent muscles. The importance of 
the signal-to-noise ratio has been discussed already. The stability consid- 
eration addresses the issue of the modulation of the signal amplitude due 
to relative movement of the active fibers with respect to the detection 
surfaces of the electrode. The issue of the cross-talk concerns the detec- 
tion by the electrode of signals emanating from adjacent muscles. 

For most configurations of needle electrodes the question of cross-talk 
is of minor concern, because the electrode is so selective that it only 
detects from nearby muscle fibers (see Fig. 2.12). Due to the fact that 
the muscle fibers of different motor units are scattered in a semirandom 
fashion throughout the muscle, the location of the electrode becomes 
irrelevant from the point of view of signal quality and information 
content. The stability of the signal will not necessarily be improved in 
any one location. It is, nonetheless, wise to stay clear of the innervation 
zone so as to reduce the probability of irritating a nerve ending. And of 
course, one should stay clear of suspected locations of blood vessels. 
These two latter precautions should be taken, not only as a courtesy to 
the subject, but also for technical considerations. If a nerve ending is 
irritated, “spontaneous” signals unrelated to the motor aspects of muscles 
will be detected. If a blood vessel is ruptured, the resulting pool of blood 
in the interstitial spaces will “short” the input of the electrode by 
decreasing the impedance between the detection surfaces. 

For wire electrodes, all the considerations which have been discussed 
for needle electrodes also apply; and in this case, any complication will 
be unforgiving, in that the electrode may not be relocated. Because the 
wire electrodes have a larger pickup area, a concern arises with respect 
to how the location of the insertion effects the stability of the signal. 
This question is even more dramatic in the case of surface electrodes 
and will be discussed in that context. 

The precautions required to reduce cross-talk with surface electrodes 
has already been discussed. In this section we will discuss the susceptibility 
of signal to the location on the muscle. In order to measure this suscep- 
tibility, it is necessary to devise a procedure whereby the excitation to 
the muscle remains constant while the location of the electrode is varied. 
Gerbino, Gilmore, and De Luca satisfied this condition by supramaxi- 
mally stimulating, with 0.5-ms current pulses, the tibialis nerve of rabbits 
via implanted stimulation electrodes. In this fashion, a compound action 
potential of consistent amplitude and shape was generated in the gas- 
trocnemius muscle. The detection electrode was always arranged with 
its detection surfaces along the length of the fibers of the gastrocnemius 
muscle and was located in four distinct locations: near the Achilles 
tendon; halfway between the tendon and the center of the innervation 
zone; on the innervation zone; and between the innervation zone and 
the origin. While the electrode was maintained in each location, the 
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Figure 2.19. Compound action potentials detected with bipolar electrodes from 
the surface of the skin above the gastrocnemius muscle of a rabbit. A stimulation 
electrode was implanted around the tibialis nerve, and supramaximal electrical 
stimulation was applied. The detection electrode was located in four positions: 
near the Achilles tendon; 1 halfway between the tendon and the center of the 
innervation zone (double-shaded band); the center of the innervation zone; and 
between the innervation zone and the origin. The angle of the ankle joint was 
held at 0, 45, and 90. (Top panel) The electrode was attached to the skin in the 
normal fashion. (Bottom panel) the electrode was held firmly against the skin 
and underlying muscle, reducing any relative movement between the muscle 
and the electrode. Note the more consistent waveforms in the latter case. Also 
note that the preferred location is the area between the insertion tendon and 
the innervation zone. 
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Figure 2.20. Schematic diagram explaining the susceptibility of the motor unit 
action potential (MUAP) waveform to electrode displacement. Top panel repre- 
sents two detection locations in the innervation zone and the associated modi- 
fications in the detected MUAP. Bottom panel presents the similar data for two 
comparable detection locations well away from the innervation zone. 
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ankle was fixed at 0°, 45°, or 90°, thus simulating the muscle length 
changes during shortening contractions. The compound action potential 
was detected for each electrode location and for each ankle position. 
Two sets of measurements were taken. In one set, the electrode was 
attached to the skin in a normal fashion; in the other set, the electrode 
was held firmly against the skin with pressure applied against the muscle, 
thereby reducing the relative movement of the electrode and skin with 
respect to the muscle fibers. 

A typical example of the results is displayed in Figure 2.19. Note that 
the shape of the compound action potential is susceptible to the location 
of the electrode along the muscle, and in the case where no pressure was 
applied to stabilize the electrode, the shape was altered by the position 
of the ankle. In both cases, the location which provided the most 
unreliable results was the one corresponding to the innervation zone. 

These observations may be conveniently explained by using a sche- 
matic approach for the formulation of the MUAP, which in some sense 
has a comparable genesis to the compound action potential. (The reader 
is referred to Chapter 3 for a detailed explanation of this concept.) This 
schematic representation is presented in Figure 2.20. The MUAP is 
formed by linearly superimposing the action potentials from all the active 
muscle fibers in the vicinity of the detection electrode. In the top panel, 
the electrode is located near the innervation zone, in the bottom panel 
away from the zone. It is apparent in the top panel that a slight 
displacement of the electrode results in a drastically different waveform 
for the MUAP, whereas in the bottom panel an equivalent displacement 
does not result in such drastic alterations of the waveform. 

It is also apparent from Figure 2.20, and may be noted in the empirical 
results of Figure 2.19, that the relative movement of the detection 
electrode with respect to the active fibers (as may easily occur when a 
muscle shortens and the electrode remains stationary on the skin) may, 
by itself, alter the characteristics of the detected signal. This modification 
of the EMG signal would not be related to physiological aspects of the 
contracting muscle. A situation of this nature is found in investigations 
which acquire EMG signals during anisometric contraction, such as gait. 
The modulation of the amplitude of the EMG signals obtained from 
lower limb muscles during gait should be interpreted with great caution. 

We suggest that the preferred location of an electrode is in the region halfway 


between the center of the innervation zone and the further tendon. 


CHAPTER 3 


Description and Analysis of the EMG 
Signal 


The EMG signal is the electrical manifestation of the neuromuscular 
activation associated with a contracting muscle. It is an exceedingly 
complicated signal which is affected by the anatomical and physiological 
properties of muscles, the control scheme of the peripheral nervous 
system, as well as the characteristics of the instrumentation that is used 
to detect and observe it. Most of the relationships between the EMG 
signal and the properties of a contracting muscle which are presently 
employed have evolved serendipitously. The lack of a proper description 
of the EMG signal is probably the greatest single factor which has 
hampered the development of electromyography into a precise discipline. 

This chapter will present two main concepts. The first is a discussion 
of a structured approach for interpreting the information content of the 
EMG signal. The mathematical model which is developed is based on 
current knowledge of the properties of contracting human muscles. 
These properties are discussed in Chapter 5. The extent to which the 
model contributes to the understanding of the signal is restricted to the 
limited amount of physiological knowledge currently available. However, 
even in its present form, the modeling approach supplies an enlightening 
insight into the composition of the EMG signal. 

The second concept in this chapter concerns a discussion of method- 
ologies that are useful for processing and analyzing the signal. 


REVIEW OF NOMENCLATURE 


Throughout this chapter, specialized terms will be used to describe 
distinct aspects of signals. These terms will be defined now so as to 
eliminate possible confusion. 


Waveform—The term which describes all aspects of the excursion of the potential, 
voltage, or current associated with a signal or a function of time. It incorporates 
all the notions of shape, amplitude, and time duration. 

Amplitude—That quantity which expresses the level of signal activity. 

Time duration—The amount of time over which a waveform presents detectable 
energy. 

Phase—In electromyography, this term refers to the net excursion of the ampli- 
tude of a signal in either the positive or negative direction. 

Shape—The characteristics of a signal which remains unaltered with linear scaling 
in either the amplitude or time domains. An example of such characteristics is 
the phases of an action potential. 


The distinction between the concept of shape and waveform is depicted 
65 
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in Figure 3.1. In Figure 3.1A the amplitude is scaled linearly by 2 and 
by 0.5, but the shape remains unaltered. In Figure 3.1B the time is scaled 
linearly by 2 and by 0.5, but the shape remains unaltered. In Figure 
3.1C the amplitude and time are scaled nonlinearly, and the number of 
phases is altered. In this latter case the shape changes. 


THE MOTOR UNIT ACTION POTENTIAL 


Under normal conditions, an action potential propagating down a 
motoneuron activates all the branches of the motoneuron; these in turn 
activate all the muscle fibers of a motor unit | (Krnjevic and Miledi, 1958a; 


~ A) B) 
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Figure 3.1. Distinction between the concept of shape and waveform. In A and 
B the shape remains unaltered through linear scaling (0.5 and 2) of the amplitude 
and time. In C the shape is modified through nonlinear scaling and an additional 
phase. In all three examples, the waveform has been altered. 
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Paton and Wand, 1967). When the postsynaptic membrane of a muscle 
fiber is depolarized, the depolarization propagates in both directions 
along the fiber. The membrane depolarization, accompanied by a move- 
ment of ions, generates an electromagnetic field in the vicinity of the 
muscle fibers. An electrode located in this field will detect the potential 
or voltage (with respect to ground), whose time excursion is known as 
an action potential. A schematic representation of this situation is pre- 
sented in Figure 3.2. In the diagram, the integer n represents the total 
number of muscle fibers of one motor unit that are sufficiently near the 
recording electrode for their action potentials to be detected by the 
electrode. For the sake of simplicity, only the muscle fibers from one 
motor unit are depicted. The action potentials associated with each 
muscle fiber are presented on the right side of Figure 3.2. The individual 
muscle fiber action potentials represent the contribution that each active 
muscle fiber makes to the signal detected at the electrode site. 

For technical reasons, the detection electrode is typically bipolar, and 
the signal is amplified differentially. The waveform of the observed 
action potential will depend on the orientation of the detection electrode 
contacts with respect to the active fibers. For simplicity, in Figure 3.2 
the detection surfaces of the electrode are aligned parallel to the muscle 
fibers. With this arrangement, the observed action potentials of the 
muscle fibers will have a biphasic shape, and the sign of the phases will 


approaching from the right side is reflected as a negative phase in the 
action potential and vice versa. Note that when the depolarization of the 
muscle fiber membranes reaches the point marked by the two lines, the 
corresponding muscle fiber action potential will have a zero interphasic 
value. 

In human muscle tissue, the amplitude of the action potentials is 
dependent on the diameter of the muscle fiber, the distance between the 
active muscle fiber and the detection site, and the filtering properties of 
the electrode. The amplitude increases as V = ka'’, where a is the radius 
of the muscle fiber and k is a constant (Rosenfalck, 1969); it decreases 
approximately inversely proportional to the distance between the active 
fiber and the detection site. The filtering properties of a bipolar electrode 
are a function of the size of the detection surfaces, the distance between 
the contacts, and the chemical properties of the metal-electrolyte inter- 
face. For details see discussion in previous chapter. 

The duration of the action potentials will be inversely related to the 
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Figure 3.2. Schematic representation of the generation of the motor unit action 
potential. 


conduction velocity of the muscle fiber, which ranges from 3 to 6 m/s. 
The relative time of initiation of each action potential is directly propor- 
tional to the difference in the length of the nerve branches, and the 
distance the depolarizations must propagate along the muscle fibers 
before they approach the detectable range (pickup area) of the electrode. 
This relative time of initiation is also inversely proportional to the 


DESCRIPTION AND ANALYSIS OF EMG SIGNAL 69 


conduction velocities of the nerve branch and the muscle fiber. The time 
delay caused by propagation along the muscle fibers is an order of 
magnitude greater than that caused by the nerve branch because of the 
much faster alpha-motoneuron conduction velocity (in the order of 50 
to 90 m/s). 

The waveform and, therefore, the frequency spectrum of the action 
potentials will be affected by the tissue beween the muscle fiber and the 
detection site. As described in the previous chapter, the presence of this 
tissue creates a low-pass filtering effect whose bandwidth decreases as 
the distance increases. This filtering effect of the tissue is much more 
pronounced for surface electrode recordings than for indwelling elec- 
trode recordings because indwelling electrodes are located closer to the 
active muscle fibers. 

Thus far, muscle fiber action potentials have been considered as 
distinguishable individual events. However, since the depolarizations of 
the muscle fibers of one motor unit overlap in time, the resultant signal 
present at the detection site will constitute a spatial-temporal superposi- 
tion of the contributions of the individual action potentials. The resultant 
signal is called the motor unit action potential (MUAP) and will be 
designated as h(t). A graphic representation of the superposition is shown 
on the right side of Figure 3.2. This particular example presents a 
triphasic MUAP. The shape and the amplitude of the MUAP are 
dependent on the geometric arrangement of the active muscle fibers 
with respect to the electrode site as well as all the previously mentioned 
factors which affect the action potentials (Refer to discussion in previous 
chapter for details.) 

If muscle fibers belonging to other motor units in the detectable 
vicinity of the electrode are excited, their MUAPs will also be detected. 
However, the shape of each MUAP will generally vary due to the unique 
geometric arrangement of the fibers of each motor unit with respect to 
the detection site. MUAPs from different motor units may have similar 
amplitude and shape when the muscle fibers of each motor unit in the 
detectable vicinity of the electrode have a similar spatial arrangement. 
Even slight movements of indwelling electrodes will significantly alter 
the geometric arrangement and, consequently, the amplitude and shape 
of the MUAP. 

Given the various factors that affect the shape of an observed MUAP, 
it is not surprising to find variations in the amplitude, number of phases, 
and duration of MUAPs detected by one electrode, and even larger 
variations if MUAPs are detected with different electrodes. In normal 
muscle, the peak-to-peak amplitude of a MUAP detected with indwelling 
electrodes (needle or wire) may range from a few microvolts to 5 mV, 
with a typical value of 500 nV. According to Buchthal et al (1954), the 
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number of phases of MUAPs detected with bipolar needle electrodes 
may range from one to four with the following distribution: 3% mono- 
phasic, 49% biphasic, 37% triphasic, and 11% quadriphasic. MUAPs 
having more than four phases are rare in normal muscle tissue but do 
appear in abnormal muscle tissue (Marinacci, 1968). The time duration 
of MUAPs may also vary greatly, ranging from less than 1 to 13 ms 
(Stalberg et al, 1975; Basmajian and Cross, 1971). 

Petersen and Kugelberg (1949) first reported a slight prolongation of 
the MUAP with advancing age. Later, Sacco et al (1962) proved, in a 
systematic study of abductor digiti quinti, biceps brachii, and tibialis 
anterior of normal infants (3 months of age) and adults, that the duration 
of the MUAPs was significantly shorter in the muscles of infants (Fig. 
3.3). This they explained in terms of the increase in width of the endplate 
zone with growth. In persons from 20 to 70 years of age, the mean 
duration of the MUAPs increased 25% further in the biceps brachii, but 
they remained unaltered in the abductor digiti quinti. Whenever the 
duration of the MUAPs increased with age, there was an increase in 
mean amplitude. The Russian physiologists Fudel-Osipura and Grishko 
(1962) reported that in aged persons the amplitude of the MUAP 
decreased and the time duration increased. A similar but more detailed 


Figure 3.3. Histograms of duration of motor unit potentials recorded with 
concentric electrodes from biceps brachii (A-C) and abductor digiti quinti (D-F) 
of subjects of different ages. (From G. Sacco et al, © 1962.) 
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study was reported by Carlson et al (1964). They found a considerable 
number of highly complex and long duration MUAPs in more than half 
of the older age group (Fig. 3.4), suggesting that such a deviation from 
normal motor unit activity is a characteristic of aged skeletal muscle. (No 
polyphasic or long-duration potentials were noted in the young normal 
individuals who made up their control group.) In view of the absence of 
denervation (fibrillation) potentials in all aged subjects and the finding 
of normal motoneuron conduction velocities, Carlson et al could not 
relate the presence of complex potentials to a neurogenic disturbance. 
They thought this could be explained on the basis of physiological 
alteration of the muscle fiber with an associated delay in fiber response. 

It should be emphasized that the amplitude and shape of an observed MUAP 
are a function of the geometrical properties of the motor unit, muscle tissue, 
and detection electrode properties. The filtering properties of the electrode 
(and possibly the cable connecting the electrode to the preamplifiers, as 
well as the preamplifiers themselves) can cause the observed MUAPs to 
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Figure 3.4. Increase in polyphasic activity as a function of age. (From K.E. 
Carlson et al, 1964, American Journal of Physical Medicine) 
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have additional phases and/or longer durations. This is an inevitable 
behavior of most filter networks. These effects were known empirically 
when Petersén and Kugelberg (1949) reported that the configuration of 
the electrode affected the duration and amplitude of the detected action 
potentials. 


THE MOTOR UNIT ACTION POTENTIAL TRAINS 

The electrical mainfestation of a MUAP is accompanied by a twitch of 
the muscle fibers. In order to sustain a muscle contraction, the motor 
units must be repeatedly activated. The resulting sequence of MUAPs is 
called a motor unit action potential train (MUAPT). The waveform of 
the MUAPs within a MUAPT will remain constant if the geometric 
relationship between the electrode and the active muscle fibers remains 
constant, if the properties of the recording electrode do not change, and 
if there are no significant biochemical changes in the muscle tissue. 
Biochemical changes within the muscle could affect the conduction 
velocity of the muscle fiber and filtering properties of the muscle tissue. 

The muscle fibers of a motor unit are randomly distributed throughout 
a subsection of the normal muscle and are intermingled with fibers 
belonging to different motor units. Evidence for this anatomical arrange- 
ment in the rat and cat has been presented by Edstrom and Kugelberg 
(1968), Doyle and Mayer (1969) and Burke and Tsairis (1973). There is 
also indirect electromyographic evidence suggesting that a similar ar- 
rangement occurs in human muscle (Stalberg and Ekstedt, 1973; Stalberg 
et al, 1976). The cross-sectional area of a motor unit territory ranges 
from 10 to 30 times the cross-sectional area of the muscle fibers of the 
motor unit (Buchthal et al, 1959; Brandstater and Lambert, 1973). This 
admixture implies that any portion of the muscle may contain fibers 
belonging to 20 to 50 motor units. Therefore, a single MUAPT is 
observed when the fibers of only one motor unit in the vicinity of the 
electrode are active. Such a situation occurs only during a very weak 
muscle contraction. As the force output of a muscle increases, motor 
units having fibers in the vicinity of the electrode become activated, and 
several MUAPTs will be detected simultaneously. This is the case even 
for highly selective electrodes which detect action potentials of single 
muscle fibers. As the number of simultaneously detected MUAPTs 
increases, it becomes more difficult to identify all the MUAPs of any 
particular MUAPT due to the increasing probability of overlap between 
MUAPs of different MUAPTs. 


A Model for the Motor Unit Action Potential Train 
Several investigators have attempted to formulate mathematical 
expressions for the MUAPT (Bernshtein, 1967; Libkind, 1968; De Luca, 
1968; Coggshall and Bekey, 1970; Stern, 1971; Brody et al, 1974; Gath, 
1974; De Luca, 1975). Of these investigators, only Libkind (1968), De 
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Luca (1975), and Gath (1974) have employed empirically derived infor- 
mation to construct the model. 

The MUAPT may be completely described by its IPIs and the wave- 
form of the MUAP. From a mathematical point of view, it is convenient 
to describe the MUAPT as a random process in which the waveform of 
the MUAP is present at random intervals of time. Considerable support 
for this approach is presented in the remainder of this chapter. This 
approach requires that we describe mathematically the waveform and 
the rate of occurrence of the MUAPs in the train, i.e., the firing rate. 

For the purpose of our discussion, the firing rate will be considered to 
be only a function of time (t) and force (F) and will be denoted as A(t, 
F). This restriction in the notation is adopted for convenience. However, 
it should be clearly understood that the derivations which follow apply 
for any general description of the firing rate. If future investigations 
reveal definitive relationships between the firing rate and the force rate, 
velocity, and acceleration of a contraction, they can be readily incor- 
ported into the ensuing model with no loss of generality. A systematic 
way of obtaining a mathematical expression for A(t, F) is to fit the IPI 
histogram with a probability distribution function, p,(x, t, F). The inverse 
of the mean value of p,(x, t, F) will be the firing rate, or 


A(t, F) = ll xp(x, t, F) ax] 


Alternatively, a mathematical expression for A(t, F) could be obtained 
by performing a regression analysis of the IPIs as a function of time and 
force. 

On the other hand, it would be extremely difficult to give a unique 
mathematical description of the MUAP because there are many possible 
shapes. However, if a MUAPT is isolated and the MUAP can be identi- 
fied, it would be possible to make a piecewise approximation of the 
shape. Refer to De Luca (1975) for additional information on the 
mathematical representations. 

It is further convenient to decompose the MUAPT into a sequence of 
Dirac delta impules, 6,(t), which are passed through a filter (black box) 
whose impulse response is h;(t). The impulse response of the filter may 
be constructed to be time variant in order to reflect any change in the 
waveform of the MUAP during a sustained contraction. This concept is 
not included in this part of the development of the model so that the 
equations do not become unnecessarily cumbersome. 

If each Dirac delta impulse marks the time occurrence of a MUAP in 
a MUAPT, the output of the filter will be the MUAPT or u(t). The 
integer i denotes a particular MUAPT. This decomposition, shown in 
Figure 3.5, allows us to treat the two characteristics of the MUAPT 
separately. 
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Figure 3.5. Model for a motor unit action potential train ( (MUAPT) and the 
corresponding Fourier transform of the interpulse intervals (IPIs), the motor unit 
action potentials (MUAP), and the MUAPT. 


The Dirac delta impulse train can be described by 
d(t)= L d(t — t) 
k=l 
It follows that the MUAPT, u(t), can be expressed as 
u;(t) — > Ay(t = tk) 
k=1 


where t = Yi; x, for k, 1 = 1, 2, 3,...,n. In the above expressions, ¢ is 
a real continuous random variable, lh represents the time locations of the 
MUAPs. x represents the IPIs, n is the total number of IPIs ina MUAPT, 
and i, k, and / are integers which denote specific events. 

Reports have appeared in the literature which argue in favor of the 
existence of minimal (if any) dependence among the IPIs of a particular 
MUAPT (Masland et al, 1969; De Luca and Forrest, 1973a; Kranz and 
Baumgartner, 1974; and others). It could be argued that these reports 
do not firmly conclude that the IPIs of a MUAPT are statistically 
independent. In fact, it is easy to envisage specific circumstances and 
situations where the Ia-alpha motoneuron reflex loop may inject some 
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dependence. However, the overwhelming majority of the available data 
supports an approach for modeling the IPI train as a renewal process 
which provides considerable mathematical and practical convenience. 

It is now possible to write expressions for two time-domain parameters 
of signals, i.e., the mean rectified value and the mean-squared value 
(whose square root is the root-mean-squared value, or rms) by invoking 
one restriction, that is, the waveform of the MUAP remains invariant 
throughout the train. Then, and only then, it follows that: 


Mean rectified value = E{| u;(t, F) |} = 4: Ai(é, F)| hi(t — é)| dé 
0 


Mean-squared value = MS{u;(t, F)} = i Ni(t, F) h2(t — t) dt 
0 


where ¢ is a dummy variable and E is the mathematical symbol for the 
expectation or the mean. Although the above equations can be solved, 
the computation requires the execution of a convolution. De Luca (1975) 
has shown that since A(t, F) is slowly time varying, the above expressions 
can be greatly simplified to: 


E{| u(t, F) |} = hift)| Adt, F) 
MS {u;(t, F)} = hr(t)r(t, F) 


In most cases, this approximation introduces an error of less than 
0.001%. The bar denotes an integration from zero to infinity as a 
function of time. These mathematical computations are displayed in 
Figure 3.6. It should be noted that the first term on the right side of the 
equations is now a scaling value and is independent of time. Hence, these 
MUAPT parameters are reduced to the expression of the firing rate 
multiplied by a scaling factor. 

To compute the expression for the power density spectrum (frequency 
content) of a MUAPT it is necessary to consider additional statistics of 
the IPIs and the actual MUAP waveform. The IPIs can be described as 
a real, continuous, random variable. Only minimal (if any) dependence 
exists among the IPIs of a particular MUAPT. Therefore, the MUAPT 
may be represented as a renewal pulse process. A renewal pulse process 
is one in which each IPI is independent of all the other IPIs. 

The power density spectrum of a MUAPT was derived from the above 
formulation by Le Fever and De Luca (1976) and independently by Lago 


and Jones (1977). It can be expressed as: 

S,(w, t, F) = S5(w, t, F)| Hi(jo) |? 
oT A(t, F)-{1 a. | M(jo, t, F)|?} . 2 
~ 1 — 2-Real {M(jw, t, F)} + |M(Gjo, t, F)|? AGI 


for w#0 
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Figure 3.6. Explanation of some of the terms in the expressions in the text. 


.--] 
h(t) = [rice az 


where 


w = the frequency in radians 
H,(j) = the Fourier transform of h;(¢) 
M( jw, t, F) = the Fourier transform of the probability distribution func- 
tion, p;(x, t, F) of the IPIs. 


More recently, Blinowska et al (1979) have derived similar expressions. 
The above expressions clearly indicate that the power density spectrum 
may be constructed from the energy spectra of the MUAPs of the motor 
units and the firing statistics of the motor unit. In addition, the contri- 
bution of the firing statistics has a multiplicative effect on the energy 
spectrum of the MUAP. 

By representing h;(t) by a Fourier series, LeFever and De Luca (1976) 
were able to show that in the frequency range of 0 to 40 Hz the power 
density spectrum is affected primarily by the IPI statistics. A noticeable 
peak appears in the power density spectrum at the frequency correspond- 
ing to the firing rate and progressively lower peaks at harmonics of the 
firing rate. The amplitude of the peaks increases as the IPIs become 
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more regular. Beyond 40 Hz, the power density spectrum is essentially 
determined by the shape of h,(t). 

This point has been verified empirically. By using the computer- 
assisted decomposition technique developed by LeFever and De Luca 
(1982) and Mambrito and De Luca (1983), it is possible to obtain highly 
accurate IPI measurements of MUAPT records many seconds long. The 
details of this technique are described in Chapter 4. The Fourier trans- 
form of the IPIs may then be computed directly. Figure 3.7 presents the 
magnitude of such Fourier transforms for MUAPTs that were all de- 
tected during two separate isometric constant-force contractions main- 
tained at 50% of maximal voluntary force in the first dorsal interosseous 
muscle. The time duration of the MUAPT segment that was analyzed 
was 5 s. The function with the solid line represents the average. The 
histograms present the IPI distribution of each motor unit, the one on 
the left corresponding to the function with the broken line and the 
middle histogram to the function with the dash-dot line. Some statistics 
of the IPIs are presented in Table 3.1. The coefficient of variation, 
which is the ratio of the standard deviation to the mean value, is a 
measure of the regularity with which the motor unit is discharging. The 
smaller the coefficient of variation, the sharper and higher will be the 
peak corresponding to the firing rate in the magnitude of the Fourier 
transform. When the coefficient of variation is higher (0.26, 0.28), then 
the peak is less sharp and has lower amplitude (see Figure 3.75). 


Concepts of Normalization and Generalized Firing Rate 


A generalized representation of the EMG signal must contain a for- 
mulation which allows a comparison of the signal between different 
muscles and individuals. This is not a problem in some contractions, such 
as those involving ballistic movements. However, it is a requirement in 
isometric and anisometric contractions. The formulation for comparison 
may be obtained by normalizing the variables of the EMG signal with 
respect to their maximal measurable value in the particular experimental 
procedure. For example, in a constant-force isometric contraction, the 
time is normalized with respect to the duration that the individual can 
maintain the designated force level. The contraction force is normalized 
with respect to the force value of a MVC. The normalized contraction- 
time will be denoted by 7, the normalized force by ¢, and their maximal 
value is 1. 

In the model, expressions for the parameters of the EMG signal are 
formed by a superposition of the equations of the MUAPT derived in 
the previous section. Such an approach requires that the mathematical 
relationship of the firing rates of all the individual MUAPTs be first 
definable and then known. Such information is difficult to obtain. Even 
if it could be obtained it may prove to be useless due to the difficulty in 
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Figure 3.7.. Magnitude of the Fourier transforms and histograms of the interpulse 
intervals (IPI) of the motor unit action potential trains obtained from the first 
dorsal interosseous muscle during two separate constant-force isometric contrac- 
tions performed at 50% maximal force. The function plotted with the solid line 
represents the average. The histograms present the IPI distribution, with the one 
on the left corresponding to the function with the broken line and with the 
middle histogram corresponding to the function with the dash-dot line. Note that 
the peak corresponding to the average firing rate value is present in some 
functions. 
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Table 3.1 

Interpulse Statistics of MUAPTs Obtained During Isometric Constant-Force 
Contractions Sustained at 50% of Maximal Force in the First-Dorsal 
Interosseous Muscle? 


u? (ms) SD (ms) CV 
58.5 9.3 0.20 
Fig. 3.7A 61.8 10.0 0.16 
69.3 13.7 0.16 
29.7 8.3 0.28 
Fig. 3.7B $13 11.8 0.38 
43.4 LE2 0.26 


* This is the detailed data of the functions and histograms plotted in Figure 
3.5. 
® u, mean; SD, standard deviation; CV, coefficient of variation. 


defining this as a function of time and force. There is considerable 
evidence (which will be described in Chapter 5) that the firing rate is not 
necessarily a monotonic function of either time or force, and the rela- 
tionship between firing rate and force is also dependent on the particular 
muscle. To overcome this barrier, De Luca (1968) introduced the 
concept of the generalized firing rate and defined it as the mean value of 
the firing rates of the MUAPTs detected during a contraction. For a 
detailed description of the calculation of the generalized firing rate, refer 
to De Luca and Forrest (1973a). 

It must be emphasized that the generalized firing rate is a mathematical 
concept which may only be properly mathematically described with 
extreme difficulty. It will be dependent on many factors which may effect 
the occurrence of the IPIs, such as recruitment of a new motor unit, 
minute force perturbations in the intended force output of a muscle, 
reflex activity, etc. One example of the mathematical formulation has 
been described by De Luca and Forrest (1973a) and is presented here: 


1000 


X(t, ¢) = BG ELF 1 fled) 4 pulses per second 
k(t, ) = 1.16 — 0.197 + 0.18¢ 
B(r, 6) = exp (4.60 + 0.677 — 1.16) ms 


a = 3.9 ms 
for0<7r<1,0<¢<1 


The above values are valid for the middle fibers of the deltoid muscle 
during a constant force isometric contraction. Other relationships will 
exist for other muscles. The above equation is plotted in Figure 3.8. 
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Figure 3.8. Generalized firing rate of motor unit action potential trains as a 
function of normalized contraction-time at various normalized constant-force 
levels. The force was normalized with respect to the maximal isometric contrac- 
tion. 


A Model for the EMG Signal 


The EMG signal may be synthesized by linearly summing the MUAPTs 
as they exist when they are detected by the electrode. This approach is 
expressed in the following equation: 


p 
mt, F) = > uit, F) 
i=l 
and is displayed in Figure 3.9, where 25 mathematically generated 
MUAPTs are added to yield the signal at the bottom. This composite 
signal bears striking similarity to real EMG signals. 
Biro and Partridge (1971) obtained empirical evidence which justified 
this approach. The modeling approach was later expanded by De Luca 
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Figure 3.9. An EMG signal formed by adding (superimposing) 25 mathematically 
generated MUAPTs. 


and van Dyk (1975) and Meijers et al (1976). A schematic representation 
of the model is shown in Figure 3.10. The interger p represents the total 
number of MUAPTs which contribute to the potential field at the 
recording site. Each of the MUAPTs can be modeled according to the 
approaches presented in Figure 3.2 and 3.5. The superposition at the 
recording site forms the physiological EMG signal, m,(t, F). This signal 
is not observable. When the signal is detected, an electrical noise, n(t), is 
introduced. The detected signal will also be affected by the filtering 
properties of the recording electrode, r(t), and possibly other instrumen- 
tation. The resulting signal, m(t, F), is the observable EMG signal. The 
location of the recording site with respect to the active motor units 
determines the waveform of h(t), as described at the beginning of this 
chapter. 
A Comparison of the Time-Dependent Parameters of the EMG Signal 

From this concept it is possible to derive expressions for the mean 
rectified value, the root-mean-squared value, and the variance of the 
rectified EMG signal. The expressions are presented in Figure 3.11. 
Their derivation can be found in the article by De Luca and van Dyk 
(1975). In Figure 3.11, each of the terms of the expressions are associated 
with five physiological correlates which affect the properties of the EMG 
signal. 
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Figure 3.10. Schematic representation of the model for the generation of the 
EMG signal. 
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Figure 3.11. Theoretical expressions for parameters of the EMG signal and their 
relation to physiological correlates of a contracting muscle. 
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In the equation of the mean rectified value, the term J(t, F) is a 
nonpositive term which accounts for the cancellation in the signal due to 
the superposition of opposite phases of the MUAPTs. In a sense, the 
superposition term represents the EMG activity which is generated by the 
muscle but is not available in the observed EMG signal. The expression 
for the mean rectified value confirms that this parameter of the EMG 
signal is dependent on the number and firing rates of the MUAPTs 
detected by the electrode, the area of the MUAPs, and the amount of 
cancellation occurring from the superposition of the MUAPTs. 

The integral of the mean rectified value is a commonly used parameter 
in electromyography. By definition, it will be dependent on the same 
physiological correlates as the mean rectified value. It is often used to 
obtain a relationship between the EMG signal and the force output of 
the muscle. A linear relationship has been reported often. Considering 
all the physiological correlates involved, the nonlinearity of the motor 
unit behavior, and the viscoelastic properties of muscle tissue, a linear 
relationhip should be considered as accidental. 

The root-mean-squared value is also dependent on the number and 
firing rates of the MUAPTs and the area of the MUAPT's but is not 
affected by the cancellation due to the MUAPT superposition. However, 
it is affected by the cross-correlation between the MUAPTs, represented 
by the c3(r) terms. In the corresponding equation in Figure 3.11, the 
integer v denotes the number of MUAPTs that are cross-correlated. 
Note that any two MUAPTs can still be synchronized even if their cross- 
correlation term is zero, since the lack of cross-correlation is not sufficient 
to prove independence. Under this condition, their synchronization has 
no effect on the root-mean-squared value. 

The expression for the variance of the rectified signal is more compli- 
cated, containing all the terms which are present in the previous two 
parameters. Therefore, it reflects the combined effect of all the physio- 
logical correlates. This parameter represents the AC power of the 
rectified EMG signal and should prove to be useful in analyzing the EMG 
signal. However, it has been used sparingly. Most of the past investiga- 
tions have dealt with the DC level of the EMG signal. 

The approach used thus far has been directed at relating the measur- 
able parameters of the EMG signal to the behavior of the individual 
MUAPTs. However, when the electrode detects a large number of 
MUAPTSs (greater than 15), such as would typically be the case for a 
surface electrode, the law of large numbers can be invoked to consider 
a simpler, more limited approach. In such cases, the EMG signal can be 
effectively represented as a band-limited signal with a Gaussian distrib- 
uted amplitude. It is also possible to represent the amplitude by a carrier 
signal consisting of a random signal whose statistical properties are those 
of the signal during an isometric contraction, and a modulation signal 
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reflecting the force and time-dependent properties of the signal. Such a 
representation was first publicized by Kreifeldt and Yao (1974) and was 
later expanded by Shwedyk et al (1977) and Hogan and Mann (1980). 


PROPERTIES OF THE POWER DENSITY SPECTRUM Of THE EMG 
SIGNAL 


According to the model in Figures 3.10 and 3.11, the power density 
spectrum of the EMG signal may be formed by summing all the auto- 
and cross-spectra of the individual MUAPTs, as indicated in this expres- 
sion: 


p q 
Sno) = 2 S,e) + X Soa) 


where S,,(w) = the power density of the MUAPT, u,(¢); and S,,(w) = the 
cross-power density spectrum of MUAPTs u,(¢) and u,(¢). This spectrum 
will be nonzero if the firing rates of any two active motor units are 
correlated. Finally, p = the total number of MUAPTs that comprise the 
signal; g = the number of MUAPTs with correlated discharges. For 
details of this mathematical approach, refer to De Luca and van Dyk 
(1975). 

De Luca et al (1982b) have shown that many of the concurrently active 
motor units have, during an isometric muscle contraction, firing rates 
which are greatly correlated. It is not yet possible to state that all 
concurrently active motor units are correlated (although all our obser- 
vations to date support this point). Therefore, g is not necessarily equal 
to p, which represents the total number of MUAPTs in the EMG signal. 
The above equation may be expanded to consider the following facts: 


1. During a sustained contraction, the characteristics of the MUAP shape may 
change as a function of time (t). For example, De Luca and Forrest (1973a), 
Broman (1973, 1977), Kranz et al (1981), and Mills (1982) have all reported 
an increase in the time duration of the MUAP. 
2. The number of MUAPTs present in the EMG signal will be dependent on 
the force of the contraction (F). 

. The detected EMG signal will be filtered by the electrode before it can be 
observed. This electrode filtering function will be represented by R(w, d), 
where d is the distance between the detection surfaces of a bipolar electrode. 


oo 


Note that the recruitment of motor units as a function of time during 
a constant force has not been considered; however, the required modi- 
fication to the equation is trivial, and the concept may easily be accom- 
modated. The concept of “motor unit rotation” during a constant force 
contraction (i.e., newly recruited motor units replacing previously active 
motor units) which has, at times, been speculated to exist, has also not 
been included. No account may be found in the literature which has 
provided evidence of this phenomenon by definitively excluding the 
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likelihood that the indwelling electrode has moved relative to the active 
muscle fibers and, in fact, records from a new motor unit territory in 
the muscle. For a review of these details consult the material in Chapter 
5. Hence: 


P(F) WF) 
Sn(w, t, F) = R(w, a's Si(w, t) + Y Suu, o| 


ij=l 

ij 

The notation used in this equation may appear to be awkward in that it 

contains functions of time and frequency, when the frequency variable 

in turn represents a transformation from the time domain. This notation 

is used to describe functions that have time-dependent frequency prop- 

erties. From a practical point of view, such equations are useful to 
describe the properties of “slow” nonstationary stochastic processes. 

It is apparent from the examples presented in Figure 3.7 that the 
individual MUAPT power density function S,,(w, t, F) may or may not 
have a peak at the frequency value corresponding to the firing rate, 
depending on the regularity with which the motor unit discharges, i.e., 
the coefficient of variation of the IPIs. When more than one MUAPT is 
present, the presence of a peak will also depend on the amount of 
separation between the mean of the individual IPI histograms. (This 
latter parameter determines how the peaks and valleys in the initial part 
of the Fourier transform superimpose and cancel out; note the different 
results of Figures 3.7A and B.) In general, when many MUAPTs having 
a wide range of individual coefficients of variation are present, the peaks 
will be less pronounced, and the effect of the IPI statistics on the 
magnitude of the Fourier transform of the EMG signal will be negligible 
above 30 Hz. No peaks will be distinct in the low frequency region. 
Empirical evidence of this behavior has been reported by De Luca (1968) 
and Hogan (1976), who noted large peaks occurring between 8 and 30 
Hz. Hogan (1976) further showed that as successively more motor units 
are detected during increasing force level contractions, the amplitude of 
the peak diminishes with respect to the remainder of the spectrum. 
Hogan’s data are presented in Figure 3.12. 

It should be noted that the two parameters which have been identified 
as affecting the presence of the firing rate peak are both related to 
synchronization. That is, the smaller the coefficient of variation and the 
closer the average firing rate values, the greater the probability of two 
or more motor units discharging during a specific time interval. It should 
also be immediately added that physiological events may also occur that 
may render the MUAPTs dependent and thereby introduce a third 
parameter to the concept of synchronization. 

Now, a major question arises concerning the cross-power density term. 
Does it really vary as a function of time during a sustained contraction 
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Figure 3.12. The power density spectrum when the EMG signal obtained from 
the biceps brachii during isometric constant-force contractions which are per- 
formed at 5%, 10%, and 25% of maximal level. Note that the peaks below 30 
Hz are more pronounced during the 5% and 10% maximal level contractions. 
(From N.J. Hogan, © 1976, M.I.T., Cambridge, MA.) 
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so as to singly influence the power density spectrum of the EMG signal? 
There are three eventualities that may influence its time dependency: 
(1) the characteristics of the shape of the MUAP u(t) and u,(t) change 
as a function of time; (2) the number of MUAPTs which are correlated 
varies as a function of time; (3) the degree of cross-correlation among 
the correlated MUAPTs varies. A change in the shape of the MUAP of 
u;(t) and u;(t) would not only cause an alteration in the cross-power 
density term but also would cause a more pronounced modification in 
the respective autopower density spectra. Hence, the power density 
spectrum of the EMG signal would be altered regardless of the modifi- 
cations of the individual cross-power density spectra of the MUAPTs. 
There is to date no direct evidence to support the other two points. In 
fact, De Luca et al (1982a and 5) have presented data which indicate 
that the cross-correlation of the firing rates of the concurrently active 
motor units does not appear to depend on either time during, or force 
of a contraction. This apparent lack of time-dependent cross-correlation 
of the firing rates is not inconsistent with previously mentioned obser- 
vations, indicating that the synchronization of the motor unit discharges 
tends to increase with contraction time. These two properties can be 
unrelated. 

Up to this point, the modeling approach has provided an explanation 
of the following aspects and behavior of the power density spectrum: 


1. The amplitude increases with additionally recruited MUAPTs. 

2. The IPI firing statistics influence the shape of the spectrum below 40 Hz, 
although this effect is not necessarily consistent, and is less evident at higher 
force when an increasing number of motor units are active. 

3. The tendency for motor units to “synchronize” will affect the spectral char- 
acteristics but will be limited to the low frequency components. 

4. Modification in the waveform of MUAPs within the duration of a train will 
effect most of the spectrum of the EMG signal. This is particularly worrisome 
in signals that are obtained during contractions that are anisometric, because 
in such cases the waveform of the MUAP may change in response to the 
modification of the relative distance between the active muscle fibers and the 
detection electrode. 


The above associations do not fully explain the now well-documented 
property of the EMG signal, which manifests itself as a shift towards the 
low frequency end of the frequency spectrum during sustained contrac- 
tions. It is apparent that modifications in the total spectral representation 
of the MUAPs can only result from a modification in the characteristics 
of the shape of the MUAP per se. During attempted isometric contrac- 
tion, such modifications have their root cause in events that occur locally 
within the muscle. Broman (1973) and De Luca and Forrest (1973a) 
were the first to present evidence that the MUAP increases in time 
duration during a sustained contraction. More recently, Kranz et al 
(1981) and Mills (1982) have provided further support. 


DESCRIPTION AND ANALYSIS OF EMG SIGNAL 89 


This approach was pursued by Lindstrom (1970), who derived a 
different expression for the power density spectrum of the EMG signal 
detected with bipolar electrodes. He approached the problem by repre- 
senting the muscle fibers as cylinders in which a charge is propagated 
along their length. The simplified version of his results may be expressed 


as: 
Sr(w) = R(w, ald o(=4) 


where v = the average conduction velocity of active muscle fibers 
contributing to the EMG signal; G = the shape function which is implicitly 
dependent on many anatomical, physiological, and experimental factors; 
and d = the distance between the detection surfaces of the bipolar 
electrode. 

One of the factors which is incorporated in the G function is the 
filtering effect of the tissue between the source (active muscle fibers) and 
the detection electrode. Note that this distance depends on the location 
(depth) of the muscle fibers within the muscle, plus the thickness of the 
fatty and skin tissues beneath the electrode. The form of this expression 
consists of modified Bessel functions of the second kind (Lindstrom, 
1970). A plot of the expression for the “distance” or “tissue” filtering 
function has been presented in Figure 2.10. It has the characteristics of 
a low-pass filter with a cutoff frequency that is inversely related to the 
distance between the recording electrode and active muscle fibers. 

The above expression may be generalized by introducing the time- 
and force-dependent effects on the EMG signal; then 


1 wd 
Sr(w, t, F) = Rw, dat F) (5 =)| 


This representation of the power density spectrum explicitly denotes the 
interconnection between the spectrum of the EMG signal and the con- 
duction velocity of the muscle fibers. Such a relationship is implicit in 
the previously presented modeling approach because any change in the 
conduction velocity would directly manifest itself in a change in the time 
duration of h(t) as seen by the two detection surfaces of a stationary 
bipolar electrode. If the conduction velocity were to decrease, the 
depolarization current would require more time to traverse the fixed 
distance along the fibers in the vicinity of the detection surfaces and the 
detected MUAPs would have longer time durations. Hence, the fre- 
quency spectrum of the MUAPs and the EMG signal, which they com- 
prise, will have a relative increase in the lower-frequency components 
and a decrease in the higher-frequency components. In other words, a 
shift toward the low-frequency end would occur. The above equation 
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also explains the amplitude increase of the EMG signal as the conduction 
velocity decreases. 

As discussed in the previous chapter, Lindstrom (1970) was able to 
show that for a bipolar electrode located between the innervation zone 
and the tendon of a muscle, the magnitude of the electrode filter 
function, 


R(w, d) = Ksin?(wd/2v) 


where d is the distance between the detection surfaces and v is the 
conduction velocity along the muscle fibers. The sin? term has a zero 
value at regular frequency intervals. These frequency values are related 
to the interdetection surface spacing and the conduction velocity of the 
muscle fibers. (Refer to Chapter 2 for details.) This function has a 
multiplicative effect on the power density spectrum, therefore, it too will 
be zero at the particular frequency values. Thus, if the interdetection 
surface spacing is known, it may be possible to calculate the average 
conduction velocity of the muscle fibers whose action potentials contrib- 
ute to the detected signal. 

These “dips” in the power density spectrum have been reported by 
several investigators (Lindstrom et al, 1970; Broman, 1973; Agarwal and 
Gottlieb, 1975; Lindstrom and Magnusson, 1977; Trusgnich et al, 1979; 
Hogan and Mann, 1980; and others), but their presence is not always 
prominent. Consider the case in which the detected signal consists of 
several MUAPTs whose respective MUAPs all contribute substantial 
energy to the power density spectrum but whose muscle fibers have 
different conduction velocities. Then a filter function somewhat similar 
to that shown in Figure 2.16 would apply for every MUAP, but the 
location of the zero points of the function would be different in accord- 
ance with the filter equation. Hence, the sum of the electrode filter 
functions would constitute a function with no clearly demonstrable dips, 
and the power density spectrum would not contain a discernible dip. 

The opposite is true when there is one MUAPT in the EMG signal 
which contributes considerably more energy to the EMG signal or when 
most of the motor units which contribute to the EMG signal have nearly 
similar conduction velocities. 

In a sense, the presence of the dips in analogous to the presence of the 
“peaks” at the low frequency end of the spectrum. Both will be present 
when individual MUAPTs in the EMG signal contribute considerable 
energy to the signal. But, it is possible for only one of these indicators to 
be present, depending on the firing statistics of the concurrently active 
motor units that contribute to the detected EMG signal. 

At this point, it is necessary to recollect some consistently observed 
properties of the motor units and the EMG signal as a function of time 
and force during a contraction. As the force output of the muscle 
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increases, the number of active motor units increases, and the firing rates 
of all the active motor units generally increase or remain nearly constant. 
As the time of a sustained contraction increases, the time duration of 
MUAPs increases, and the spectrum of the ME signal shifts towards the 
low frequency end. The ramifications of these factors interpreted 
through the explanations provided by the mathematical models are all 
graphically illustrated in Figure 3.13. 


A Test for the Time Domain Parameters of the Model 


Before testing the parameters derived by the model, it is necessary to 
comment that the neuromuscular system is an extraordinary actuator. It 
is capable of generating and modulating force under a wide variety of 


MAGNITUDE 


10 — 40 "100 — 200 
FREQUENCY (Hz) 


Figure 3.13. Diagramatic representation of the frequency spectrum of the 
differentially detected EMG signal with a graphic representation of the modifi- 
cations which occur as a function of time and force of contraction. The shape 
has been purposefully exaggerated so as to accentuate interesting segments. The 
direction of the arrows indicates the direction of the modification on a particular 
segment of the spectrum caused by increasing either force or time. (For example, 
an arrow with the letter F indicates that as the force increases, the segment to 
which it is pointing will be modified in the direction of the arrow). The peak in 
the low frequency components is associated with the firing rates of motor units; 
the dip in the high frequency components is associated with the conduction 
velocity along the muscle fibers. The bars on the frequency axis indicate the 
range over which the peaks and dips may occur. 
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static (isometric) and dynamic (velocity, acceleration) conditions. It is 
known that the behavior of the MUAPTs varies for different types of 
contractions. However, it is possible to test the model for the EMG signal 
recorded during constant-force isometric contractions. 

In a study performed by Stulen and De Luca (1978), EMG signals 
were simultaneously recorded differentially with bipolar surface and 
needle electrodes from the deltoid muscle while 11 subjects performed 
sustained constant-force isometric contractions at 25, 50, and 75% of 
maximal voluntary contraction (MVC). The empirical values of the 
parameters corresponding to those derived previously were calculated 
and compared. Let us consider the empirical root-mean-squared param- 
eter which is plotted in Figure 3.14. The solid lines represent the average 
value for the 11 subjects. The vertical lines indicate 1 SD about the 
average. For convenience, the magnitude of the values has been nor- 
malized with respect to the largest value of the average. 

Note that the amplitude of the root-mean-squared parameter increases 
as a function of time when the EMG signal is detected with surface 
electrodes, and decreases when detected with indwelling electrodes. 
Why? These signals were recorded simultaneously from the same area 
of the same muscles. To explain this apparent paradox we must turn our 
attention to the model. 

It is possible to solve the equation for the root-mean-squared parameter 
in Figure 3.14 with the following restrictions: (1) no recruitment occurs 
during a constant-force contraction, (2) the areas of the MUAPs do not 
change; and (3) the MUAPTs are not cross-correlated. With these 
assumptions, the root-mean-squared parameter is directly proportional 
to the square root of the generalized firing rate. In fact, if the generalized 
firing rate of Figure 3.8 is normalized, it provides an exceptionally good 
fit to the mean value of the root-mean-squared parameter of the signal 
recorded with indwelling electrodes at 25 and 59% MVC but not at 75% 
MVC. It appears that the decrease in the signal from contractions 
executed at less than 50% MVC is due to the decrease in the firing rates 
of the motor units and that recruitment and synchronization do not play 
a significant role. But apparently at 75% MVC, other physiological 
correlates affect the EMG signal. Synchronization is a likely candidate to 
explain the different behavior of the root-mean-squared curves at 75% 
MVC. This indication is also implied in the behavior of the empirical 
mean rectified parameter and the variance of the rectified signal. How- 
ever, it is necessary to emphasize that this result does not provide direct 
evidence of synchronization. 

During a muscle contraction maintained at a constant force, if the 
firing rate of the motor units decreases and there is no significant 
recruitment, a complementary mechanism must occur to maintain the 
constant force output. One possible mechanism is the potentiation of 
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Figure 3.14. Average of the normalized root-mean-squared values from all 
subjects, plotted as a function of contraction time. Both the amplitude and time 
duration are normalized to their respective maxima. The vertical lines indicate 1 


SD about the average. 


94 MUSCLES ALIVE 


twitch tension of the motor units as a contraction progresses. Evidence 
for potentiation of twitch tension caused by sustained repetitive stimu- 
lation has been presented by Gurfinkel’ and Levik (1976) in situ in the 
human forearm flexors and by Burke et al (1976) in vivo in the cat 
gastrocnemius. 

Now, let us consider the EMG signals recorded with surface electrodes. 
Why is the root-mean-squared value increasing during all three force 
levels when the firing rate is decreasing? The behavior of the firing rate 
is not affected by the type of electrodes used to record the signal. One 
possible explanation is as follows. During a sustained contraction, the 
conduction velocity along the muscle fibers decreases (Stalberg, 1966; 
Lindstrom et al, 1970). As a result, the time duration of the MUAPs 
increases (De Luca and Forrest, 1973a; Broman, 1973). This change in 
the shape of the MUAPs is reflected in the power density spectrum as a 
shift toward the lower frequencies which has been well documented. 
Hence, more signal energy passes through the tissue between the active 
fibers and the surface electrodes. Lindstrém et al (1970) have made 
theoretical calculations which show that the muscle tissue and differential 
electrodes act as low-pass filters. (Refer to Figs. 2.10 and 2.16 in the 
previous chapter for details.) As the distance between the active fibers 
and the electrodes increases, the bandwidth of the tissue-filter decreases. 
The increasing effect on the signal, due to the tissue and electrode 
filtering, overrides the simultaneously decreasing effect of the firing rate. 
The filtering effect is not seen in the signal recorded with the indwelling 
electrodes because the active fibers are much closer to the detection 
electrode. 

Hence, the apparent paradox in the behavior of the EMG signal 
recorded with surface and indwelling electrodes is resolved by consider- 
ing the detection arrangement. 

It has been shown that the modeling approach is in agreement with 
the empirical results that could be tested. The model has also helped to 
resolve some ambiguities as well as to give insight into the information 
contained in the EMG signal. The limited discussion and arguments 
based on the describable known MUAPT behavior that have been 
presented are not sufficient to establish the generality of the model. 
However, as additional information describing the behavior of MUAPTs 
becomes available (especially the force dependence), the model should 
prove to be more useful and revealing. 


TIME DOMAIN ANALYSIS OF THE EMG SIGNAL - 


Most of the parameters and techniques that will be discussed in this 
section have found wide use over the past years. Some of the approaches 
are relatively new and have only received acclaim among some groups. 
As may be seen from the previous sections, the EMG signal is a time- 
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and force (and possibly other parameters)-dependent signal whose am- 
plitude varies in a random nature above and below the zero value. 
Typically, the signal is recorded with AC coupled amplifiers. This guar- 
antees that the average value (in this case the DC level) will be zero. This 
situation will prevail even if the amplifers are DC coupled, if the DC 
polarization potential is zero. In any case, it is apparent that simple 
averaging of the signal directly will not provide any useful information. 


Rectification 

A simple method that is commonly used to overcome the above 
restriction is rectifying the signal before performing more pertinent 
analysis. The process of rectification involves the concept of rendering 
only positive deflections of the signal. This may be accomplished either 
by eliminating the negative values (half-wave rectification) or by inverting 
the negative values (full-wave rectification). The latter is the preferred 
procedure because it retains all the energy of the signal. 


Smoothing of the Rectified Signal 

The rectified signal still expresses the random nature of the amplitude 
of the signal. A useful approach for extracting amplitude-related infor- 
mation from the signal is to smoothen the rectified signal. This procedure 
may be accomplished either by analog means or digital means. The 
concept of smoothing involves the suppression of the high-frequency 
fluctuations from a signal so that its deflections appear smoother. This 
may now be recognized as low-pass filtering procedure that has been 
discussed at the beginning of Chapter 2. The amount of smoothing 
performed on the signal will depend on the bandwidth of the low-pass 
filter that is used; the smaller the bandwidth, the greater the smoothing. 


Averages or Means of Rectified Signals 
The equivalent operation to smoothing, in a digital sense, is averaging. 
By taking the average of randomly varying values of a signal, the larger 
fluctuations are removed, thus achieving the same results as the analog 
smoothing operation. The mathematical expression for the average or 
mean of the rectified EMG signal is: 


ieee 1 5 
Ou te | | m(t)| dt 


t; and t; are the points in time over which the integration and, hence, the 
averaging is performed. The shorter this time interval, the less smooth 
this averaged value will be. 

The above expression will provide only one value over the time window 
T = t; — t;. In order to obtain the time-varying average of a complete 
record of a signal, it is necessary to move the time window T duration 
along the record; this operation is referred to as moving average. This 
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may be accomplished in a variety of ways. For example, the window T 
may be shifted forward one, or two, or any number of digitized time 
intervals up to the time (7) equivalent to the width of the window. In 
the latter case, each average value that is produced from the integral 
operation is unbiased, that is, calculated from data not common to the 
previous value. When the time window is shifted for a time less than its 
width, the calculated average values will be biased, that is, each average 
value will have been derived from some data that is common to the data 
used to calculate the previous average value. The moving average 
operation may be expressed as: 


t+T 
Tmt = bf mot 


Like the equivalent operation in the analog sense, this operation 
introduces a lag, that is, T time must pass before the value of the average 
of the T time interval may be obtained. In most cases this outcome does 
not present a serious restriction, especially if the value of T is chosen 
wisely. For typical applications we suggest values ranging from 100 to 
200 ms. However, it should be noted that the smaller the time window 
T, the less smooth will be the time-dependent average (mean) of the 
rectified signal. The lag may be removed by calculating the average for 
the middle of the window. 


l t+7/2 
[mI -i["' | m(e)| de 


But, in this case, fringe problems occur at the beginning and the end of 
a record when either side of the window is less than 7/2. 


Integration 


The most commonly used and abused data reduction procedure in 
electromyography is the concept of integration. One of the earliest (if 
not the earliest) references to this parameter was by Inman et al (1952). 
They erroneously applied the term. Their analysis procedure used a 
linear envelope detector to follow the envelope of the EMG signal as the 
force output of the muscle was varied. It is not surprising that with such 
an incorrect introduction the term should become improperly applied. 
The literature of the past three decades is swamped with improper usage 
of this term although, happily, within the past decade it is possible to 
find an increasing number of proper usages. 

The term integration, when applied to a procedure for processing a 
signal, has a well-defined meaning which is expressed in a mathematical 
sense. It applies to a calculation which obtains the area under a signal or 
a curve. The units of this parameter are V-s or mV-ms. 

It is apparent that a signal, such as the observed EMG signal which has 
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an average value of zero, will also have a total area (the integrated value) 
of zero. Therefore, the concept of integration may only be applied to 
the rectified value of the EMG signal. The operation is expressed as: 


Himoti= J ime a 


Note that the operation is a subset of the procedure of obtaining the 
average rectified value. Since the rectified value is always positive, the 
integrated rectified value will increase continuously as a function of time. 
The only difference between the integrated rectified value and the 
average rectified value is that in the latter case the value is divided by T, 
the time over which the average is calculated. There is no additional 
information in the integrated rectified value. 

As in the case with the average rectified value, the integrated rectified 
value may be more usefully applied by integrating over fixed time 
periods, thereby indicating any time-dependent modifications of the 
signal. In such cases, the operation may be expressed as 


nimon = J | m(e)| dt 


We suspect that there are two principal reasons which account for the 
wide spread usage of this operation. The first is simply its historical 
precedent. Regardless of the improper usage of the operation, its appli- 
cation has been continuously employed over the past three decades. The 
second is that if a sufficiently long integration time T is chosen, the 
integrated rectified value will provide a smoothly varying measure of the 
signal or a function of time. 


The Root-Mean-Square (RMS) Value 

The derivations of the mathematical expressions for the time- and 
force-dependent parameters presented in the earlier parts of this chapter 
indicated that the rms value provided more information than the previ- 
ously described parameters. (Refer to Figure 3.11 for more details.) 
However, its use in electromyography has been sparse in the past. The 
recent increase in its use is possibly due to the availability of analog chips 
that perform the rms operation and to the increased awareness for 
technical competence in electromyography. The rms value is obtained 
by performing the operations described by the term, in reverse order, 


that is 
t+T 1/2 
RMS {m(t)} = (3 f m*(t) i) 


We recommend the use of this parameter above the others. 
A comparison of the analysis techniques operating on the same signal 
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is presented in Figure 3.15. In this case the signal was obtained with wire 
electrodes in the biceps brachii during an isometric contraction. 


Zero Crossings and Turns Counting 


This method consists of counting the number of times per unit time 
that the amplitude of the signal contains either a peak or crosses the zero 
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Figure 3.15. Comparison of four data reduction techniques: (a) raw EMG signal 
obtained with wire electrodes from biceps brachii during a constant-force iso- 
metric contraction; (b) the integrated rectified signal, (c) the average rectified 
signal; (d) the root-mean square signal; (e) smoothed rectified signal. In the latter 
case, the signal was processed by passing the rectified EMG signal through a 
simple RC filter having a time constant of 25 ms. The time base for each plot is 
0.5 ms. (From J.V. Basmajian et al, 1975.) 
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value of the signal. It was popularized in electromyography by Willison 
(1963). The relative ease with which these measurements could be 
obtained quickly made this technique popular among clinicians. Exten- 
sive clinical applications have been reported, some indicating that a 
discrimination may be made between myopathic and normal muscle. 
However, such distinctions are usually drawn on a statistical basis. 

This technique is not recommended for measuring the behavior of the 
signal as a function of force (when recruitment or decruitment of motor 
units occurs) or as a function of time during a sustained contraction. 
Lindstrém et al (1973) have shown that the relationship between the 
turns or zeros and the number of MUAPTs is linear for low level 
contractions. But, as the contraction level increases, the additionally 
recruited motor units contribute MUAPTs to the EMG signal. When 
the signal amplitude attains the character of Gaussian random noise, the 
linear proportionality no longer holds. 


FREQUENCY DOMAIN ANALYSIS OF THE EMG SIGNAL 

The analysis of the EMG signal in the frequency domain involves 
measurements and parameters which describe specific aspects of the 
frequency spectrum of the signal. Fast Fourier transform techniques are 
commonly available and are convenient for obtaining the power density 
spectrum of the signal. 

An idealized version of the power density spectrum of the EMG signal, 
along with various parameters of interest, is presented in Figure 3.16. 
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Figure 3.16. An idealized version of the frequency spectrum of the EMG signals. 
Three convenient and useful parameters: the median frequency, fea; the mean 
frequency, fmean; and the bandwidth are indicated. 
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Note that this plot has linear scales, because in our opinion such a 
representation provides a more direct expression of the power distribu- 
tion. A logarithmic scale, which is the scale of preference in other 
disciplines such as acoustics, would compress the spectrum and unnec- 
essarily distort the distribution. 

Three parameters of the power density spectrum may be conveniently 
used to provide useful measures of the spectrum. They are: the median 
frequency, the mean frequency, and the bandwidth of the spectrum. 
Other parameters such as the mode frequency and ratios of segments of 
the power density spectrum have been used by some investigators but 
are not considered reliable measures, given the inevitably noisy nature 
of the spectrum (refer to Fig. 3.12). The bandwidth measure has been 
discussed in the previous chapter. Note that because the amplitude scale 
is in V/Hz, the 3 dB points or the corner frequencies are defined by a 
decrease of a factor of 0.5. The median frequency and the mean 
frequency are defined by the following equations: 
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where S,,(f) is the power density spectrum of the EMG signal. Stulen 
and De Luca (1981) performed a mathematical analysis to investigate 
the restrictions in estimating various parameters of the power density 
spectrum. The median and mean frequency parameters were found to 
be the most reliable, and of these two, the median frequency was found 
to be less sensitive to noise. This quality is particularly useful when the 
signal is obtained during low level contractions when the signal to noise 
ratio may be less than 6. 


CHAPTER 4 


Decomposition of the EMG Signal and 
Analysis of the Motor Unit Action 
Potential Trains 


Decomposition of the EMG signal is the procedure by which the EMG 
signal is separated into its constituent motor unit action potential trains. 
This concept is illustrated in Figure 4.1. The development of a system 
to accomplish such a decomposition will be beneficial both to researchers 
interested in understanding motor unit properties and behavior, and to 
clinicians interested in assessing and monitoring the state of a muscle. 

In the clinical environment, measurements of some characteristics of 
the motor unit action potential (MUAP) waveform (for example, shape, 
amplitude, and time duration) are currently used to assess the severity 
of a neuromuscular disease or, in some cases, to assist in making a 
diagnosis. Thus, the decomposition of the EMG signal is useful in two 
ways. First, a partial decomposition must be implicitly performed by the 
clinical investigator to ensure that what is actually observed isa MUAP 
and not a superposition of two or more MUAPs or some other ephemeral 
artifact. Second, averaging the MUAP waveforms present in the same 
train will produce a low noise representation of the MUAP and, hence, 
provide a more faithful representation of the events occurring within 
the muscle. Any decomposition scheme devised for such application (i.e., 
to extract only MUAP shape and amplitude) will have weak constraints 
on its performance. A useful technique should allow detection of some, 
but not necessarily all, firings of a single unit in a particular record. 

For physiological investigation, both the statistic of the interpulse 
intervals (IPI, time between two successive firings of the same motor 
unit) and the MUAP waveform characteristics are used to study motor 
unit properties and motor control mechanisms of muscles. In these 
conditions, much stronger constraints are imposed on the performance 
of a decomposition technique. It is desirable, in fact, to monitor the 
simultaneous activities of as many motor units as possible. Furthermore, 
all the firings of the observed motor units should be detected. Shiavi and 
Negin (1973) showed that an error of 1% in the detection of a motor 
unit firing prevented the observation of some relevant motor unit be- 
havioral phenomena. Statistical analysis of IPI also implies acquisition 
and processing of relatively long EMG signal records (in the order of 
dozens of seconds), thus increasing the time required for the decompo- 
sition. 
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Figure 4.1. A schematic representation of the decomposition of the EMG signal 
into its constituent motor unit action potential trains (From C.J. De Luca et al, 
© 1982, Journal of Physiology.) 


It is apparent that a decomposition technique satisfying the require- 
ments for physiological investigations will also provide all the information 
currently used in clinical studies. The additional information on the 
temporal behavior of motor unit firing may also provide useful infor- 
mation which clinicians may exploit in the future. 

Given the above requirements and constraints, any design approach 
to EMG signal decomposition must address two major issues: convenience 
of use and accuracy. The first point implies that any suitable technique 
should work on EMG signals that are routinely and repetitively acquired 
by a specific and convenient method. The second issue is more important 
since it validates the results. Therefore, it is essential that any method 
used for decomposing the EMG signal should be able to provide a 
measure of its accuracy. 

Due to the novel approach presented by this system, it is useful to 
clarify some points concerning the capabilities and applicability of this 
system: 


1. Notall the EMG signals acquired with this technique can be decomposed with 


Individual Motor Unit Action 
Potential Trains (MUAPTs) 
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a 100% accuracy. There are many factors which determine the suitability of 
any particular EMG signal record.. Force level of the muscle contraction is 
not necessarily a major hindrance; EMG signals detected at near maximal 
force levels have been decomposed successfully. Far more important are the 
dissimilarity of the MUAP waveforms belonging to different motor units, the 
number of MUAPTs present, and the stability of the MUAP waveform during 
the record. 

2. The decomposition algorithm of the system described in the following pages 
may be used in a variety of modes, ranging from fully automatic to highly 
human-operator interactive. The chosen mode of operation will determine 
the tradeoff between the accuracy of the data and the amount of time required 
to perform a decomposition. For a record containing six MUAPTs, the time 
required to decompose the signal with 100% accuracy will range from 15 s 
to 15 min for 1 s of data, depending on the quality of the data. The same 
data may be decomposed in a fully automatic mode, requiring from 1 to 15s 
for 1 s of data, but the accuracy of the decomposition would be approximately 
65%. 

3. As many as 11 MUAPTs have been decomposed accurately from an EMG 
signal. To date, the longest EMG signal record that has been decomposed 
accurately was 144 s long and contained approximately 7000 discharges of 
four motor units. 

4. The signal conditioning which is performed in various phases of the system 
modifies the waveform of the MUAPs. Therefore, standard measurements of 
the MUAP waveform such as amplitude, time duration, and number of phases, 
may not be compared to those of conventionally acquired and recorded 
signals. However, it is important to note that such information may be easily 
made available by using the cannula of the needle or one of the wire surfaces 
for acquiring EMG signals in a conventional manner, and using the event 
timing from the decomposed MUAPTs to trigger average the conventionally 
obtained signal. This suggested procedure is similar to the “macro” EMG 
signal technique described by Stalberg (1980) with the additional advantage 
of recovering the waveform of many MUAPs, other than only one, as in the 
case for Stalberg’s technique. 

5. This chapter will focus on the decomposition aspects. 


BACKGROUND 


In the past, several investigators have devised techniques to identify 
MUAPs from each motor unit action potential train contained in the 
EMG signal. The different techniques that have been employed may be 
generally categorized as either visual identification by the investigators 
(Clamann, 1970; De Luca and Forrest, 1972, 1973; Desmedt and Go- 
daux, 1977; Gurfinkel’ et al, 1970; Gurfinkel’ et al., 1964; Hannerz, 
1974; Kranz and Baumgartner, 1974; Masland et al, 1969; Maton and 
Bouisset, 1972; Person and Kudina, 1971; and others) or automatic 
identification by electronic apparatus (Andreassen, 1977; Dill et al, 1972; 
Friedman, 1968; Gerstein and Clark, 1964; Glaser and Marks, 1966; 
Keehn, 1966; Leifer, 1969; McCann and Ray, 1966; Mishelevich, 1970; 
Schmidt, 1971; Schmidt and Stromberg, 1969; Shiavi, 1972; Simon, 
1965; and others). Procedures that consist exclusively of visual analysis 


104 MUSCLES ALIVE 


limit the scope and accuracy, as well as requiring a tremendous amount 
of time for performing the MUAP identifications and firing time meas- 
urements. The criteria upon which automatic identifications are based 
may be categorized as either feature extraction (peak amplitude, rise 
time, area, or some other characteristic of the MUAP waveform) or 
signal space representation (usually referred to as correlation, matched 
filter, template, or square-error separation techniques). One of the major 
problems with most automatic detection schemes is the inability to resolve 
waveforms produced by superposition of two or more simultaneously 
occurring MUAPs. Most automatic detection schemes also cannot accom- 
modate a slow change in a MUAP waveform’s shape or amplitude 
throughout a contraction. This latter consideration is important because 
the relative position of the recording electrode and active muscle fibers 
is subject to variation during a muscle contraction. 

The system described in this chapter overcomes some of the limitations 
in the previous approaches and satisfies the requirements for physiolog- 
ical investigation as specified above. The initial description of this concept 
dates back to LeFever and De Luca (1978). A detailed description of the 
precursor system may be found in LeFever (1980), with a shortened 
description being given by LeFever and De Luca (1982) and LeFever et 
al. (1982). The subsequent modifications, some of which are described 
in this chapter may be found in their entirety in Mambrito (1983). 

The major features of the system are: 


1. Multiple channel recording of the EMG signal to increase discrimination 
power among MUAPs. 

2. Recording bandwidth of 1-10 kHz. 

3. Highly computer-assisted recording and decomposition techniques. 

4. Slow variations in the shape of the MUAP waveforms and IPI statistics are 
allowed. 

5. MUAP superposition can be decomposed in most cases. 

6. Means for on-line checking of the EMG signal quality in terms of decompo- 
sition suitability. 

7. Means for verifying the validity of the results. 


The major limitations are: 


1. Only records derived from attempted isometric contractions have been de- 
composed. 

2. To date, a number of 9 MUAPTs simultaneously present in the EMG signal 
have been found to constitute a practical limit in the number of decomposable 
units from one record. 

3. The technique requires interaction with a highly trained operator. 


SIGNAL ACQUISITION 


The EMG signal acquisition and quality verification system is depicted 
in Figure 4.2. The system requires the capability of recording multiple 
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Figure 4.2. EMG signal acquisition, quality verification, and decomposition 
system. 


independent channels of EMG signal. A special electrode to accomplish 
this task has been constructed based on the design of an electrode 
reported in an earlier study (De Luca and Forrest, 1972). A schematic 
of the new lightweight quadripolar electrode may be seen in Figure 4.3. 
It consists of 25-gauge stainless steel tubing having an opening in the 
wall of the shaft approximately 2 mm from the proximal edge of the tip. 
In this opening are exposed the cross-sectional areas of four 75-um 
diameter insulated wires (90% platinum-10% iridium), located at the 
corners of a square and spaced approximately 200 wm apart. This 
geometrical arrangement was chosen so that the activity from four or 
five motor units would be consistently detected in most muscles. The 
four wires (pick up areas) terminate on four male pin connectors mounted 
on an insulated base that is epoxied to the shaft. The shaft itself makes 
electrical contact with another pin. The five pins on the electrode may 
be connected to form a variety of differential recording arrangements, 
each providing a channel of EMG signal. 

Figure 4.3 presents one of several possible combinations providing 
three differential channels of EMG signal. The lines A, B, C, D, and E 
are individually shielded and fed into five high input-impedance front 
end buffers (10'? ohms input resistance and 25 pA bias current) and are 
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Figure 4.3. A schematic representation of the lightweight quadripolar needle 
electrode configured to detect three independent channels of EMG signal (V1, 
V2, V3) for the purpose of decomposition. A fourth channel VC is also displayed 
for the purpose of simultaneously recording one conventional EMG signal chan- 
nel. 


successively fed into a set of four differential amplifiers. For the purpose 
of decomposition, the differential amplifier outputs V1, V2, and V3 of 
three channels are band-pass filtered using differential amplifiers with 
low and high frequency 3 dB points set at 1 and 10 kHz. (The fourth 
channel, VC, may be differentially amplified with a bandwidth of 20 Hz 
to 10 kHz, providing a conventional EMG signal from which the conven- 
tional waveforms of the MUAP may be recovered by trigger-averaging 
from the decomposed MUAPTs.) The procedure of setting the lower 3- 
dB point at 1 kHz rather than at a lower frequency is consistently 
observed to reduce the amplitude of the slower rise-time MUAP wave- 
forms produced by muscle fibers distant from the recording site. As 
indicated in Figure 4.2, the outputs of this last stage of amplification and 
filtering (the block indicating the amplifiers and filters) are viewed on an 
oscilloscope. When the oscilloscope is triggered by a MUAP arrival, 20- 
ms long segments of the signal are transmitted to the digital computer. 
These segments can then be plotted sequentially on the graphic terminal, 
and decomposition attempts can be made. These operations enable the 
operator to assess the spatial discrimination among MUAP waveforms 
and the stability of the recording, i.e., to make a judgment on how 
convenient it is to decompose that particular EMG signal. If sufficiently 
high quality EMG signals are detected, the data collection may proceed, 
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otherwise the electrode(s) should be repositioned. During an experiment, 
the output of the last stage of amplification and filtering is recorded on 
an FM tape recorder at a sufficient speed to provide a bandwidth up to 
20 kHz. With this arrangement, it is possible to obtain MUAP with peak 
to peak rise times as short as 100 us. 

The main advantage of multiple channel recording is to increase the 
discrimination power among different MUAPs. This fact is absolutely 
essential for performing a correct decomposition. The necessity of this 
feature is dramatically illustrated in Figure 4.4, which contains segments 
of three channels of simultaneously detected signals with MUAPs from 
five motor units. Note that in channel 1, MUAPs 4 and 5 have similar 
waveforms; such is the case for MUAPs 1 and 2. On channel 2, MUAPs 
3 and 4 have similar representation whereas, MUAPs 1 and 5 have 
similar waveshapes on channels 2 and 3. Finally, MUAPs 1, 3, and 5 


CHANNEL 


MOTOR UNIT 


Figure 4.4. Three-channel representation of action potentials from five different 
motor units. The three channels represent the same electrical event (MUAP) as 
seen from three different geometrical perspectives. 


108 MUSCLES ALIVE 


have similar representation on channel 3. It is apparent that any identi- 
fication and decomposition technique attempting to discriminate among 
several simultaneously active motor units using only one channel of 
information will not be accurate. 


DATA SAMPLING AND COMPRESSION 

The analog signals are transferred off-line to digital storage. As will 
be clarified later, due to the signal processing method recommended to 
detect firings, a sampling rate several times higher than the Nyquist 
frequency (which is twice the maximal signal frequency in this case) must 
be used. 

A sampling rate of 50 kHz is recommended since some of the MUAP 
waveforms obtained using the wideband recording technique described 
before have frequency spectra that range up to 10 kHz. The high 
sampling rate may be conveniently achieved by playing back the EMG 
signal 32 times slower than it is recorded and sampling at a rate of 
1.5625 kHz. The computer program that samples data stores only those 
segments of data containing positive or negative peaks above a preset 
threshold. This threshold is selected by the operator dependent upon 
the level of background noise in the data. The portions of data intervals 
between stored segments are stored only as a number of skipped samples. 
This method reduces the storage requirements from 5 to 20 times less 
than uncompressed storage. An example of compressed EMG signal is 
shown in Figure 4.5, where the numbers near the vertical bars indicate 
number of milliseconds skipped between sampled waveforms. 


SIGNAL CONDITIONING 

The analog high pass filtering at 1 kHz is effective in substantially 
reducing both amplitude and the time duration of slow rise-time MUAP 
waveforms recorded from fibers distant from the electrode. However, it 
is sometimes useful to filter the record further to reduce the degree of 
superposition among MUAPs by further shortening their time duration. 
In such cases, a symmetric Hamming window, finite impulse response 
digital filter is used. This type of filter has no phase distortion which 
could add undesirable extraphases to the MUAP waveforms. The param- 
eters of the filter (high- and low-cutoff frequency and rolloff) can be 
chosen specifically for each record using the power spectrum of specific 
MUAP waveforms in the record as a guide. 


THE DECOMPOSITION ALGORITHM 

The detection of the occurrence of a particular motor unit firing is 
based upon the maximum a posteriori probability receiver theory, which 
has found wide applications in the field of communications (Van Trees, 
1968). The theoretical computations have been derived under a set of 
assumptions, none of which in practice is exactly appropriate for the 
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Figure 4.5. An example of three channels of a real, filtered, and time-com- 
pressed EMG signal. The numbers above the vertical separating lines (skipped 
interval markers) represent the time in milliseconds which contained no useful 
information and was removed. 


EMG signal. The maximum a posteriori probability receiver theory as- 
sumptions and EMG signal characteristics differ in the following manner: 


1. One, and only one, of a set of M signals is present from time ¢ to time t+T. 
The number of M signals present in the set, and the time ¢ of possible 
occurrence of any one signal in the set are known. (What is unknown is which 
one of the M signals will actually occur.) In the case of the EMG signal, more 
than one MUAP may be present in the same time interval ¢ to +7. The time 
t of possible occurrence, and the number M of motor units firing at a certain 
time are unknown. 

2. The exact waveform or template of each signal (or the waveform in absence 
of perturbing noise) is known, and all the templates have the same time 
duration T. In the case of the EMG signal, different MUAPs have different 
durations; the exact template of each MUAP is unknown; and the waveform 
shape of the same MUAP may change in time during a contraction. 

3. The a priori probability of occurrence of any of the M signals in any interval 
t to t+T is known. Obviously, this is not the case for the EMG signal. 

4. The signal is perturbed only by additive, zero mean, Gaussian distributed, 
white noise with known variance. In the case of the EMG signal, the perturbing 
noise consists mainly of low amplitude MUAPs which cannot be detected with 
reliability, thus, the perturbing noise is not white and its variance is unknown. 


Theoretical Computations in the Maximum A Posteriori Probability 
Receiver Algorithm. The maximum a posteriori probability receiver algo- 
rithm uses the following decision criteria when an unknown waveform 
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occurs. The most likely template is chosen, given the characteristics of 
the particular occurrence (i.e., the template with the maximum a posteriori 
probability is chosen as the one corresponding to the unknown wave- 
form). It can be shown that this is equivalent to making the decision with 
the minimum probability of error. 

In order to perform this task, the following computations must be 
made. Upon occurrence of an unknown waveform, the difference signals 
between unknown waveform and M templates are computed. Then the 
energies in the difference signals are also computed. These energy values, 
or squared errors, are modified using a weighting factor derived from 
the probability values described above in no. 4, and the variance of the 
perturbing noise. In particular, squared errors resulting from matching 
less likely templates are increased while squared errors resulting from 
matching more likely templates are decreased. The template which gives 
lowest final value of modified squared error is chosen as the one corre- 
sponding to the unknown waveform. The variance of the perturbing 
noise controls the degree to which the probability weighting factors 
effect the decision. For low variance values, the decision is more affected 
by the energy term (i.e., by the similarity between “unknown” waveform 
and template), while for high variance values, the probability weighting 
factor (i.e., the probability of occurrence of each template) dominates 
the decision. If the signal has multiple channel representations (as in the 
case of the EMG signal), all the energy computations are performed for 
each channel; the total squared error (before the modification with the 
probability weighting factor) is obtained by summing the squared errors 
for each channel. 

The original maximum a posteriori probability receiver decision tech- 
nique has been extensively modified to take into account the wide 
difference between the theoretical maximum a posteriori probability re- 
ceiver case and practical EMG signal case. In the following parts of this 
section we will describe the modification to the maximum a posteriori 
probability receiver algorithm and its implementation. 

The Motor Unit Templates. The first problem is how to obtain the set 
of templates. Each motor unit template is an estimate of the MUAP 
waveform (amplitude and shape on all three channels). Prior to the 
analysis of an EMG signal record, both the number of different motor 
units (whose firing can be detected) and their corresponding MUAP 
waveforms are unknown. Therefore, all templates must be created 
during the decomposition. When the operator has decided that a wave- 
form in the EMG signal is produced by an action potential of a “new 
motor unit,” a new template is created using the waveform itself. This 
template may also be updated at each successive detection of the motor 
unit firing by averaging the template with the detected waveform in the 
EMG signal. This operation will improve the estimate of the MUAP 
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waveform by reducing the amount of perturbing noise in the template 
and will also compensate for slow variations in template shape. (The term 
new motor unit is used nonrigorously.) The new MUAP waveform may 
be from an already firing, although previously undetected, motor unit 
which has increased in amplitude (due to electrode movement) so that it 
now exceeds the sampling threshold. If the amplitude of this MUAP 
waveform is significantly greater than the sampling threshold, a newly 
recruited motor unit has probably been detected. If not, subsequent 
analysis of the firing pattern will permit the distinction between a newly 
recruited and an already firing motor unit to be made. 

The A Priori Probabilities of Firing. The second problem is how to 
obtain the a priort probability of occurrence of all the MUAPs whose 
templates are available in any interval ¢ to t+T of the record. This may 
be accomplished by measuring the interpulse interval (IPI) between 
adjacent firings of a motor unit. The mean and the variance of the IPIs 
of the detected motor unit can be recursively obtained by using expres- 
sions that have been reported by LeFever and De Luca (1982). The use 
of a running recursive expression during the decomposition allows slow 
time variations in the IPI mean and variance. If the time sequence of 
firing of each motor unit is modeled as a renewal process with Gaussian 
distributed IPIs, the relative probability of occurrence of a MUAP for 
each motor unit can be approximated from IPI mean and variance. Such 
probability is continually updated at each firing detection. 

Detection of a Motor Unit Firing. At this point, it would be possible to 
compute the squared error as described in the theoretical maximum a 
posteriori probability receiver computations. However, it has been found 
that the absolute change in a MUAP waveform from one firing to the 
next is roughly proportional to the waveform amplitude. Hence, the 
ratio between squared error and template energy should be used as the 
decision criterion instead of simply the squared error. 

Because a motor unit firing can occur at any unknown instant of time, 
the problem arises as to how to align the templates with the “unknown” 
detected waveform to compute the squared error. To achieve this, the 
peak (greatest absolute value) of each motor unit template is aligned with 
the peak of the unknown waveform and shifted back and forth to achieve 
the minimal squared error. During this operation, an alignment error 
may occur which, at most, is equal to one half the sampling period. It is 
this alignment error that poses the requirement for the high sampling 
rate reported in the data sampling and compression section. For expres- 
sions on the alignment error, see LeFever and De Luca (1982). 

Perturbing Noise. The last dissimilarity between theoretical and prac- 
tical conditions relates to the nature of the perturbing noise and its 
variance, which is used to modify the squared error value. In the 
decomposition algorithm, the noise is still considered white; rather than 
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estimating the value of the variance from the EMG signal, the value is 
set by the operator to control the degree to which the probability 
weighting factor affects the decision. 

While the theoretical maximum a posteriori probability receiver algo- 
rithm always automatically leads to a choice of one among the M available 
templates, this cannot be allowed for the EMG signal. In fact, the random 
superposition of two or more differing MUAP waveforms may produce 
a complex waveform quite similar to some other previously identified 
MUAP not actually present. The peak that has been detected may also 
have arisen from only the background noise. Alternatively, the MUAP 
detected may actually be produced by a newly recruited motor unit for 
which no template has been established. For these reasons a detection is 
confirmed only if the detected waveform is “close” enough to the most 
likely template. A measure of how close two waveforms are is obtained 
using signal space representation techniques as described by LeFever 
and De Luca (1982). For the purpose of the present description, it is 
sufficient to note that the confirmation of a detection will be automatic 
only if preset numerical constraints on the value of the squared error 
are satisfied. 

When a detection cannot be confirmed, the decision is transferred to 
the superposition algorithm described in the next section. 

The Superposition Algorithm. The purpose of the superposition algo- 
rithm is to resolve an EMG signal waveform, formed by the summation 
of multiple MUAP waveforms. Only combinations of two waveforms 
(two templates) are considered, since the computation time is prohibitive 
for more. Triple or multiple partial superposition of MUAP waveforms 
can sometimes be solved by repeated application of the decomposition 
algorithm in various modes. The scheme employed by the superposition 
decomposition algorithm is similar to the single match criteria. Added 
to these criteria is a procedure that attempts to fit a second motor unit 
template to the waveform obtained by subtracting the first template 
from the EMG signal. 

The above approach is implemented as follows. Each template is 
aligned with the detected highest peaks (in the channel where such a 
peak occurs) in the “unknown” EMG signal waveform and is subtracted 
from the signal. (The operation is similar to that performed for a single 
match.) Then an attempt is made to resolve the remaining waveform by 
aligning each of the remaining templates with the remainder and sub- 
tracting. The template providing the smallest squared error is chosen as 
the second template. The energy in the remainder after subtraction of 
the two templates is the squared error used to make the decision. This 
squared error value is modified using the probability weighting factor 
corresponding to the first subtracted template. 

The superposition algorithm could be particularly useful in clinical 
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applications, because it can determine if polyphasic action potentials are 
indeed representative of an individual motor unit. 


TEST FOR CONSISTENCY AND ACCURACY 


As stated in the introduction of this chapter, it is essential to assess the 
accuracy of any EMG signal decomposition system to validate the results 
obtained using such a technique. This point cannot be overemphasized. 
Furthermore, this technique is highly interactive, and during decompo- 
sition, many decisions may be made by the operator. Thus, it is also 
necessary to assess the consistency of the results produced by different 
operators. 

The issue of the consistency is the simplest of the two, and it has been 
extensively addressed by LeFever et al (1982). Briefly, the following test 
was performed. Two highly trained operators (each with at least 400 
hours of experience in decomposing EMG signals) and a third, less 
experienced operator (16 hours of EMG signal decomposition) were 
required to decompose the same EMG signal record independently, 
which was considered “difficult” (i.e., at the limit of the decomposition 
technique capabilities according to the two experienced operators). The 
EMG signal selected contained five MUAPTs which the skilled operators 
believed had been reliably detected. Both skilled operators were 100% 
in agreement for the detection of a total of 479 MUAPs from five motor 
units. The results of the untrained operator decomposition contained a 
total of 12 discrepancies with respect to the two trained operators. Since 
the original test reported by LeFever et al and De Luca (1982), the 
consistency has been tested in a similar fashion on many other occasions. 
Complete agreement has always been obtained among operators having 
more than 300 hours of experience with the technique. 

The issue of the accuracy is much more complicated. It is impossible 
to measure the decomposition accuracy in an absolute sense, with real 
EMG signal, since occurrence times of all the MUAPs and precise 
definitions of all MUAP waveforms in the EMG signal are unknown a 
priori. So far, this limitation has been circumvented in two ways. 

First, the accuracy was tested on synthetically generated EMG signals. 
For details on the procedure to generate synthetic EMG signals and 
execution of the test refer to LeFever et al (1982). Briefly, the synthetic 
EMG was constructed by linearly superimposing eight mathematically 
generated MUAPs along with Gaussian noise. Prior to the simulation, a 
real force record was obtained from a muscle contraction, and force 
thresholds for recruitment were randomly chosen for each “synthetic” 
motor unit. At any point in time throughout the simulated contraction, 
the mean firing rate of each motor unit was proportional to the difference 
between force input to a stochastic event generator and the recruitment 
threshold. The stochastic event generator used a renewal process to 
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create each firing time. The standard deviation of the zero mean Gaus- 
sian noise was 40% of the peak amplitude of the smallest MUAP wave- 
form. A segment of the synthetic EMG signal record used for the test is 
shown in Figure 4.6. A skilled operator was able to decompose the record 
with an accuracy of 99.8%, incurring one error in a total of 435 
classifications. (The particular error was quite inconsequential in that it 
occurred as an incorrect classification among two MUAPs which be- 
longed to different motor units but had similar shapes and fired less than 
1 ms apart.) This error was immediately obvious when the IPI data were 
plotted. The location of the error was identified, and that segment of 
the record was subjected to more rigorous decision criteria which ren- 
dered the correct identification. In fact, the IPI plots are routinely used 
to quickly scan for any obvious errors. This particular record is now used 
as a benchmark to identify the performance criterion of new operators. 

Second, an indirect test of the accuracy of the decomposition technique 
ona real EMG signal was obtained in the following way. T'wo quadripolar 
needle electrodes were inserted in the same muscle (tibialis anterior) 
about 1 cm apart. The two sets of EMG signals from the two electrodes 
were recorded simultaneously and decomposed. Some motor units pre- 
sented motor unit action potential trains in both sets of signals. A 
comparison of the results from three different contractions with two 
“common” MUAPTs per contraction showed 100% agreement for a 
total of 1415 detections of the “common” MUAPs. In this case, an 
undetected error in the results from the “common” MUAPs detections 
could occur only if a simultaneous error of the same kind (wrong 
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Figure 4.6. An example of a mathematically synthesized and time-compressed 
EMG signal used to test the accuracy of the decomposition system. As in the 
previous figure, the short vertical lines are skipped interval markers, and the 
numbers represent the milliseconds of time removed. 
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classification of a MUAP or missed detection) was made in the decom- 
position of the two records. The chances of such an event are incalculably 
small. Thus, the consistency of the decomposition data of the same units 
from two different electrodes provides an indirect measure of the accu- 
racy in real data decomposition. 


TIME DOMAIN ANALYSIS OF MOTOR UNIT ACTION POTENTIAL 
TRAINS 


Having described a system which will provide detailed and accurate 
measures of the characteristics of MUAPTs, it now remains to describe 
approaches for processing the data. The data reduction techniques that 
follow may of course be used for any MUAPT data, regardless of how it 
is obtained. However, the reader is reminded that erroneous data yields 
erroneous results when analyzed. 


Motor Unit Action Potential Characteristics 


In clinical environments, the waveform of the MUAP is used to provide 
what have come to be considered conventional parameters. These are: 
the amplitude, the time duration, and the number of phases of the 
MUAP. These parameters are considered to carry information related 
to the state of the muscle fibers. The decomposition technique described 
in this chapter renders MUAP waveforms which are not comparable, in 
terms of amplitude, time duration, and number of phases, to those which 
are acquired by conventional means. However, because a highly accurate 
representation of the timing events of the MUAPTs (decomposed from 
the EMG) is available, it is possible to obtain the conventional waveforms 
from the fourth channel presented in Figure 4.3, which is bondpassed 
in a conventional manner. The waveform recovery is realized by trigger 
averaging the conventional EMG signal with the timing of the motor 
unit discharges available from the decomposed MUAPTs. Refer to the 
next section for an explanation of trigger averaging. 

The waveforms of a MUAP of one train obtained from the EMG 
signals that were bandpassed at 1 to 10 kHz are presented in a raster 
plot in Figure 4.7. This figure is presented for the purpose of indicating 
that the waveform of the MUAP is not stable during a contraction, even 
an isometric constant-force contraction, as was the case in this particular 
example. The plus sign represents situations when a superposition with 
MUAP of some other train occurred. 


Trigger Averaging 
The process of trigger averaging is employed to extract a continuously 
recurring waveform that is enveloped by considerable noise, rendering 
the quality of the waveform unacceptable at any occurrence. However, 
if the time at which the waveform occurs is known (as is the case for the 
decomposed MUAPTs), it may be used to mark the time period in the 


aod 


RRR 


MUSCLES ALIVE 


AE MEEEES HSE 


Lesa 


+ 


oe 
SEBEL ES 


+ 
+ 


+ 


TRL 


+ 


+ 
+ 


Figure 4.7. An example of the MUAP raster plot. MUAPs (of the same motor 
unit) are shown as they are detected during the decomposition of the record. 
MUAPs are displayed sequentially in time from top to bottom and from left to 


right. MUAPs marked with a + sign represent superpositions of the displayed 


MUAP and of some other MUAP(s) present in the record and simultaneously 
firing with the detected MUAP. 


noisy signal which contains the waveform of interest. This may be done 
every time the waveform is present in subsequent parts of the signal. 
The next step consists of removing from the noisy signals all the time 
periods which have been identified as containing the waveform. Then 
these time periods are averaged. The noise, being unrelated among the 
time periods, will cancel out, and the waveform contained in the time 
periods, being considerably similar, will be enhanced. It is apparent that 
the greater the number of accurate identifications of the discharge ofa 
motor unit, the more accurate will be the waveform of the recovered 
MUAP. If the noise in the averaged time periods is independent, then 
the improvement in the signal-to-noise ratio of the recovered waveform 
will be proportional to the square root of the number of time periods 
that are averaged. 

The decomposition approach described in this chapter provides the 
high accuracy required and at the same time provides the means of 
extracting the waveform of several MUAPs from the same EMG signal. 


MUAP Arrival Plots (IPI Bar Plot) 


The arrival of MUAPs of the same motor unit is represented as an 
impulse on a horizontal line which expresses units of time since the 
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beginning of the contraction. An example of such a plot is presented in 
Figure 4.8. Different horizontal strips correspond to different motor 
unit action potential trains. The continuous line represents the output 
force, and it is scaled on the right vertical coordinate in percent of 
maximal voluntary contraction (MVC). This kind of plot is useful for 
event timing. 


Interpulse Interval vs. Time during the Contraction Plot (IP! DOT Plot) 

The left vertical coordinate of each dot represents the time (in ms) 
since the last firing of the same motor unit. An example of such a plot is 
presented in Figure 4.9 (top). Each horizontal division indicates the 
discharges of an individual motor unit; the horizontal coordinate of each 
dot represents the actual time of MUAP arrival. This kind of plot is very 
useful for identification of errors in the decomposition. In fact, isolated 
dots out of range (i.e., abnormally long or short IPI) are generally 
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Figure 4.8. Example of IPI BAR plot. Each vertical bar represents the arrival of a 
MUAP at the time (since the beginning of the contraction) indicated on the 
horizontal line at the bottom of the graph. Each horizontal strip presents the 
activity of a different motor unit. The continuous line represents the output of 
the force transducer scaled on the right vertical coordinate in percent of maximal 
voluntary contraction (MVC). This particular example contains motor unit action 
potential trains from two antagonist muscles (flexor pollicis longus and extensor 
pollicis longus) detected during random isometric flexion-extension of the inter- 
phalangeal joint of the thumb. 
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Figure 4.9. Example of IP! DOT plot (top) and motor unit firing rate plot (middle). 
In the IPI DOT plot, each dot represents a MUAP arrival at the time indicated 
on the horizontal coordinate. The left vertical coordinate is the time since the last 
firing of the same motor unit (in milliseconds). In the motor unit firing rate plot, 
the time varying mean firing rate of each detected unit is represented by different 
dot-dashed lines. The firing rate is measured in pulses per second on the left 
vertical coordinate. The continuous line (bottom) represents the output of the 
force transducer scaled on the left vertical coordinate in percent of maximal 
voluntary contraction level (MVC). The mean firing rates were calculated fro 

the IPI values presented in the IP! DOT plot. 
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indicative of a missed detection or of a misclassification unless such an 
event is accompanied by a consistent event in the force record. 


Mean Firing Rate Plots 


Having available the IPIs of a motor unit, it is possible to calculate the 
number of occurrences per unit time, that is, the firing rate. It is 
customary to express this measure as pulses per second. Note that the 
term firing rate is used, rather than firing frequency, which is often 
found in the literature. The term frequency implies periodicity among 
the discharges of a motor unit. Such is not the case. The IPIs are 
semirandom in nature, hence, the concept of rate must be used to 
describe the behavior of the discharge properly. The firing rate value 
may be obtained by inverting the value of the IPI interval(s). If only one 
IPI is used, the instantaneous firing rate is obtained. This value will be 
semirandom in nature. It contains exactly the same information as the 
IPI value. 

A more useful measure of the behavior of the firing rate of a motor 
unit during a contraction may be obtained by calculating the time varying 
mean firing rate. This is obtained by averaging the value of the instan- 
taneous firing rate over several consecutive values. Referring back to the 
descriptions of the averaging process in Chapter 2, the reader is reminded 
that the average value may be obtained in various ways, each requiring 
a tradeoff between smoothness and bias of the results. This issue is 
particularly important in calculating the mean firing rate because it is 
always preferable to be able to associate the behavior of the mean firing 
rate of a motor unit at any time with the physiological behavior at that 
time and with minimal bias on previous behavior. This requirement may 
be accomplished by estimating the time-varying mean firing rate by 
convoluting the impulse train presented in the IPI BAR plot (Fig. 4.8) 
with a noncausal Hanning filter having a symmetric, unit area impulse 
response. The mathematical expression of this operation may be ex- 
pressed as follows: 


Lie cen b=a1eT 


h(t) = 0 elsewhere 


A(t) = 


where T determines the width of the time window over which the 
“filtering” is performed. This filter is recommended because it achieves 
a very sharp attenuation, thus rendering a smooth time-varying mean 
firing rate with minimal bias. Practical experience has indicated that a T 
value of 400 to 500 ms provides an acceptable and useful compromise 
between estimation bias and smoothness. The above operation is equiv- 
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alent to multiplying each IPI by the filter function and shifting the filter 
function along the time scale. 

An example of the time-varying mean firing rate is presented in Figure 
4.9 (middle). For each motor unit the firing rate is represented by 
different dot-dashed lines. Values of the mean firing rate are scaled on 
the left vertical coordinate in pulses per second, and the horizontal coordi- 
nate represents the time since the beginning of the contraction. This 
kind of plot is useful for studying relationships among different motor 
units. In the example shown in Figure 4.9 (lower portion), the continuous 
line represents the output force, scaled in percent maximal voluntary 
contraction on the vertical coordinate. 


Correlation of the Mean Firing Rates 


This operation should not be attempted unless the mean firing rate is 
calculated from IPIs which are identified with at least 99% accuracy, 
relating to false classification (Shiavi and Negin, 1973). The decomposi- 
tion system described in this chapter can ensure such occurrence under 
specific conditions and, hence, makes this analysis procedure possible. 

The concept of cross-correlation of two signals, x(t) and (2), is defined 
by the mathematical expression: 


Ry (Tt) = ; if x(t) »(t + 7) dt 


In words, the cross-correlation function is estimated by the following 

operations: 

1. Delay (or shift) the signal x(t) relative to the signal y(t) by a time displacement 
equal to 7 seconds. 

2. Multiply the value of y(¢) at any instant by the value of x(t) that had occurred 
T period of time before. 


3. Average the instantaneous value product over the sampling time, T. 
4. Repeat the above steps for another value of 7. 


This operation provides a measure of the amount of common behavior 
among the time-varying firing rates of two motor units. In a sense, it is 
the indication of the common input that drives the motor unit to fire. 
Figure 4.10 presents examples of the cross-correlation of motor unit 
firing rates obtained during constant force contractions. Figure 4.10A 
represents the time-varying mean firing rates of four motor units and 
the attempted isometric constant-force produced by the muscle. Figure 
4.10B presents the cross-correlation among the firing rates, and Figure 
4.10C the cross-correlation of the firing rates and the force output. 


Conditional Intensity Functions 


This particular operation is useful for measuring the tendency for two 
motor units to fire at, or nearly at, the same time, ie., synchronization. 
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Figure 4.10. (A) Firing rate records of four concurrently active motor units 
(dashed lines) are shown superimposed on the force output (solid line) recorded 
during a constant force isometric abduction of the deltoid. The force level is 
given in percent of maximal voluntary contraction (MVC) at right. (B) Functions 
obtained by cross-correlating between firing rates. (C) Cross-correlation between 
firing rates and force output. Positive shift of peaks in C indicates that firing rate 


activity leads force output. 
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Unlike the cross-correlation function, which is used to measure the 
common behavior of the mean firing rate (obtained over several motor 
unit discharges), the intensity function measures the common time oc- 
currence of individual discharges. An alternative approach to interpret- 
ing the common time occurrence of two motor units is to consider 
whether the occurrence of the discharge of one motor unit “conditions” 
the other motor unit to discharge. 

The conditional intensity function may be calculated according to the 
following steps. Consider two motor units, A and B. For each firing of 
motor unit A (the conditioning motor unit), measure the time difference 
to the firing of motor unit B (the conditioned motor unit) in both the 
forward and backward time direction up to a predetermined scanning 
interval. Accumulate the time values in a histogram. Bin widths of 0.5 
ms and scanning intervals of 100 ms are suggested. Divide the total 
number of discharges of motor unit A within the scanning interval. The 
units of the histogram are now expressed in pulses per second, similar to 
the units of the firing rate. The histogram now provides an expression 
of the intensity of firing of the conditioned motor unit B when the 
conditioning motor unit A fires. This kind of representation has often 
been referred to in the literature as poststimulus histogram or cross- 
correlograms, where the conditioning “stimulus” can be the occurrence 
of any particular event such as tendon tap or the application of electrical 
stimulus. In this particular case the “stimulus” is the occurrence of a 
motor unit firing. 

A bin width of 0.5 ms may be too small to collect any significant 
number of firings in a single bin. One possible solution in this case is to 
group 0.5-ms bins in larger bins. Another approach is to smooth the 
original conditional intensity plot with a filter having an appropriate 
impulse response. 

The example in Figure 4.11 shows conditional intensity functions of 
one motor unit with respect to another conditioning unit. The histogram 
was smoothed with a 4-ms window triangular filter. The two MUAPTs 
required for this operation were obtained from the flexor pollicis longus 
muscle during an isometric contraction of the interphalangeal joint of 
the thumb. The horizontal axis represents the time (in milliseconds) since 
the firing of the conditioning units, and the vertical axis represents the 
conditional intensity in pulses per second. The example may be inter- 
preted in the following way. The conditioned and conditioning motor 
unit have a tendency to fire together (synchronize) which is manifested 
by the high conditional intensity values at time zero. The peaks every 75 
ms are a result of the periodic nature of the conditioning unit over the 
computation time interval. If the conditioning motor unit has a mean 
firing rate of 1/0.075 pulses per second, on the average every 75 ms 
after (before) the zero time, the conditioning motor unit will fire (fired) 
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Figure 4.11. Example of a motor unit conditional intensity function. The hori- 
zontal axis represents the time (in milliseconds) since the firing of the conditioning 
unit, and the vertical axis represents the conditional intensity (in pulses per 
second). The large peak at time zero indicates that the conditioned and the 
conditioning motor unit tend to fire simultaneously. 


again, and the same tendency to synchronize will produce the periodic 
peaks in the plots. 


SUMMARY 


In this chapter, we have described a system for acquiring, processing, 
and decomposing EMG signals for the purpose of extracting as many 
MUAPTs as possible with the greatest level of accuracy. This system 
consists of four main sections. 

The first section consists of methodologies for signal acquisition and 
quality verification. Three channels of EMG signals are acquired using a 
quadripolar needle electrode designed to enhance discrimination among 
different MUAPs. An automated experiment control system is devised 
to free the experimenter from the burden of experiment detailed sur- 
veillance and bookkeeping and to allow on-line assessment of the EMG 
signal quality in terms of decomposition suitability. 

The second section consists of methodologies for signal sampling and 
conditioning. The EMG signal is bandpass filtered (between 1 kHz and 
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10 kHz), sampled, and compressed by eliminating parts of the signal 
under a preset threshold level. 

The third section consists of a signal decomposition technique where 
motor unit action potential trains are extracted from the EMG signal 
using a highly computer-assisted interactive algorithm. The algorithm 
uses a continuously updated template matching routine and firing statis- 
tics to identify MUAPs in the EMG signal. The templates of the MUAPs 
are continuously updated to enable the algorithm to function even when 
the shape of a specific MUAP undergoes slow variations. 

The fourth section deals with ways of displaying the results. The more 
frequently used representation formats are: 


1. Display of MUAP waveshapes 

2. Impulse trains representing motor unit firings 

3. IPI plots, where time intervals between successive firings of the same motor 
unit are plotted vs. time of the muscle contraction 

4. Firing rate plots where the estimated time-varying mean firing rate of the 
detected motor units is plotted vs. time of the muscle contraction 

5. Cross-correlation of firing rates which indicate the amount of common drive 
in the motor units 

6. Conditional intensity functions which provide an indication of the amount of 
synchronization among motor unit discharges 


The performance of the system has been tested in terms of: 


1. Consistency among results obtained by different operators 

2. Accuracy evaluated on synthetic EMG signal 

3. Accuracy on real EMG signal by comparing results pertaining to the same 
MUAPT contained in two EMG signals which were independently and simul- 
taneously detected from two different electrodes 


CHAPTER 5 


Control Properties of Motor Units 


This chapter will deal with those properties of motor units which 
describe their recruitment and firing behavior during the process of 
force generation. These properties will be referred to as the control 
properties, because it is through these modes that the central and periph- 
eral nervous systems affect the performance of a muscle or a group of 
muscles. Motor unit properties such as biochemical structure, twitch 
response, physical dimensions, etc. may be considered to be properties 
which specify the identity of the scheme(s) that the nervous system 
employs to involve (or possibly take advantage of) the different types of 
muscle fibers. These latter properties will not be addressed directly in 
this chapter. 

Prior to embarking on a detailed description of the control properties 
of the motor units, it is useful to review the function and potential 
involvement of peripheral and central mechanisms. 


THE PERIPHERAL CONTROL SYSTEM 


There are a variety of apparently specialized receptors located in the 
muscles, tendons, fascia, and skin which provide information to appro- 
priate parts of the central nervous system concerning the state of the 
force and length characteristics of muscles. A nonreceptor system, the 
Renshaw system, which resides completely in the anterior horn of the 
spinal cord will also be described in this section. Although according to 
the classical anatomical distinction of central and peripheral, the Renshaw 
system is physically located in the central nervous system. However, as 
will be seen later in this chapter, some aspects of the Renshaw system 
are intimately associated with the peripheral feedback mechanisms. Thus, 
from a control point of view it is advantageous to consider the perform- 
ance of the Renshaw system in association with the peripheral nervous 
system. Together, they may be considered to form the output stage of 
the motor system, or the peripheral control system. 

An overview of the interactions of the major components of the 
peripheral control system is presented schematically in Figure 5.1. For 
completeness, the suprasegmental and supraspinal input are also included 
in this figure. The representation in Figure 5.1 is purposely arranged to 
emphasize details of the peripheral control system which are reasonably 
well understood and accepted. The schematic representation is directed 
at presenting the behavioral characteristics of the peripheral control 
system rather than describing anatomical details. Thus, it should not be 
viewed as a wiring diagram, but rather as a block diagram. 
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Figure 5.1. A simplified schematic representation of most of the components 
of the peripheral control system which interact with a muscle. The arrows and 
signs indicate excitatory (+) and inhibitory (-) actions on the pool. The thickness 
of the lines indicates the dominance of the contributions. The diagram is by no 
means complete but does contain the more dominant interactions. The broken 
lines represent force interactions. Note that when a spindle is slackened during 
a muscle contraction, the la and II afferent fiber discharge decreases, thus the 
effect on the motoneuron pool will be disfacilitatory and not excitatory as 
represented in this diagram. 
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Note that the concept of the peripheral control system evolves around 
an entity referred to as a motoneuron pool. This motoneuron pool may 
be thought of as an aggregate of interacting neurons, located in the 
anterior horn of the spinal cord, whose joint behavior is associated with 
the control of a function in either one muscle or a specific group of 
muscles. The output of the motoneuron pool consists of the (efferent) 
information transmitted down the a-motoneuron, y-motoneuron and, 
possibly, 8-motoneuron. The presence of the latter in man remains to 
be clearly established and, hence, it has not been included in the diagram. 
The input to the motoneuron pool consists of the (afferent) information 
from the peripheral receptors, the Renshaw system, and the drive from 
the higher centers. Note that all the inputs to the motoneuron pool are 
expressed as either having an excitation (+) or an inhibition (—). An 
excitatory contribution will increase either the disposition of an a- and 
-motoneuron to begin discharging (recruitment) or to increase its firing 
rate if it is already active. An inhibitory contribution has the opposite 
effect. 

Let us now proceed to a description of the sensory systems. The 
forthcoming description is purposely brief. For more specific details the 
reader should refer to any of the numerous books dealing with mam- 
malian muscle receptors, for example, the chapter Mammalian Muscle 
Receptors by Hasan and Stuart in Handbook of the Spinal Cord (1984). 


The Muscle Spindle 


The muscle spindle is by far the most studied muscle sensor organ. It 
is located within the body of the muscle. The spindle consists of a capsule 
having a fusiform shape, attached at both ends to muscle fibers. It is 
generally believed to be arranged in parallel with the adjacent muscle 
fibers. The architectural arrangement is apparently designed to favor 
the monitoring of muscle length and changes in length. Inside the spindle 
capsule are located “intrafusal” muscle fibers. These may number from 
2 to 25. These fibers have contractile characteristics similar to those of 
the normal or “extrafusal” muscle fibers and are separable into three 
categories distinguished on the basis of the arrangement of the nuclei in 
the middle portion of the intrafusal fiber and, contrary to the depiction 
in most textbooks, not on the basis of their shape (Matthews, 1972). 
These fibers are referred to as “bag 1,” “bag 2,” and “chain” fibers. Bag 
and chain fibers are distinguishable on the basis of their mechanical 
properties, with the bag fibers being more dynamic. Whereas bag 1 and 
bag 2 fibers differ mostly in their content of elastic strands (Banks et al, 
1981) and innervation, these intrafusal fibers are innervated by two 
distinct types of efferent motoneurons: the gamma dynamic, innervating 
the bag 1 fibers, and the gamma static, innervating the bag 2 and chain 
fibers. The y-motoneurons are considerably smaller (2 to 8 wm) than 
their functionally synonomous a-motoneurons. Wrapped around each 
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of the intrafusal fibers are the endings of two groups of afferent nerve 
fibers, the larger group Ia and the smaller group II. The Ia afferent 
fibers connect with a monosynaptic (direct contact) excitatory projection 
on the motoneuron pool of the same muscle and with a disynaptic 
(through an interneuron) inhibitory projection on the motoneuron pool 
of the antagonist muscle(s). It has also been shown that this pathway of 
“reciprocal inhibition” is accompanied by longer pathways of “reciprocal 
excitation” via delayed oligosynaptic excitatory and inhibitory Ia projec- 
tions (Jankowska et al, 1981a and b). The group II afferent fibers also 
impinge on the motoneuron pool of the same muscle with an excitatory 
projection but with a disynaptic contact. There is no clear evidence 
indicating the presence of a group II pathway to the antagonist muscle. 
A third type of afferent, the 6-motoneurons, have been shown to exist 
in some mammalian subprimate animals. The 6-motoneurons innervate 
both intrafusal and extrafusal fibers. Their presence in human muscles 
remains speculative and, as such, their role will not be discussed in the 
context of this chapter. 

It is now generally agreed that the Ia and II group fibers modify their 
discharge rate as the mechanoreceptor endings of these fibers are elon- 
gated. The mechanoreceptor endings may be elongated, either by stretching 
the muscle which stretches the spindle capsule and thus the intrafusal 
fibers, or by contracting the intrafusal fibers via y fiber excitation. As 
the mechanoreceptors become elongated, the discharge rate of the 
receptors increases; as they shorten, the discharge rate decreases. It is 
also generally agreed that rate of length change of the muscle (fibers) 
modifies the discharge characteristics of the afferent fibers. Numerous 
experiments have shown that the Ia afferents respond to length and 
velocity and the II afferents mainly to length. Thus, the II afferents may 
be viewed as mainly static sensors and the Ia afferents as both static and 
dynamic sensors. This distinction is convenient from an analytical point 
of view, but physiologically the distinction cannot be made so clearly. 
Several investigators (Houk and Rymer, 1981; Rack, 1981; and others) 
have further categorized the response of the Ia fibers by demonstrating 
that they are nonlinear sensors; being much more sensitive to small 
displacements than to large displacements, thereby keeping the gain of 
the stretch reflex low when the muscle length changes appreciably. They 
are more sensitive to lengthening (stretch) than to shortening. Houk 
et al (1981) have also demonstrated that the dynamic component of the 
spindle response is proportional to the 0.3 power of velocity. This 
suggests that spindle Ia afferents are better suited for motion detection 
(change in velocity) rather than for signaling the precise velocity of the 
muscle (fibers). 

It isa commonly accepted view that the a and y-systems are coactivated 
during a muscle contraction, that is, when the motoneuron pool of a 
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muscle is excited, both the extrafusal and the intrafusal fibers contract. 
It can be reasonably assumed that this coactivation has, as one of its main 
functions, the task of setting the length of the spindle appropriately with 
respect to the length of the contracting muscle fibers. This task is 
equivalent to setting the operating point of the Ia mechanoreceptors, so 
that their sensitivity remains high over the length variability of the 
extrafusal muscle fibers. Any length and velocity perturbation applied 
to the muscle spindles from the adjacent muscle fibers will modify the 
discharge of the afferent fibers. Note that these perturbations may occur 
locally within the muscle, even during attempted isometric contractions, 
because the mechanical disturbances caused by the individual extrafusal 
muscle fibers may not be (and in all likelihood are not) symbiotic. 

The classical approach to conceptualizing the function of the muscle 
spindle has been to consider it as a servocontroller for compensation of 
loads applied to the tendon of a muscle. This notion was an outgrowth 
of the experimental work involving investigations concerning reflexes. 
In such experiments the whole muscle or limb was commonly perturbed, 
and the resulting neuroelectric response was monitored. 

More recently, a series of studies have addressed the question of the 
sensitivity of the muscle spindle to the mechanical disturbances of the 
individual motor unit contractions (Binder et al, 1976; Binder and Stuart, 
1980; Cameron et al, 1980 and 1981; McKeon and Burke, 1983). All 
these investigators recorded the activity of the muscle spindle afferents 
and the activity of the MUAPTs simultaneously. The time course and 
magnitude of motor unit contractions were extracted from the force 
record using spike-triggered averaging techniques. It was found that 
both group Ia and II afferent activity was strongly coupled to the 
contractions of some motor units located near the spindle and was more 
or less indifferent to the contractions of other remotely located motor 
units. These results support the proposition that muscle receptors (see 
analogous findings in section on Golgi tendon organ) generate a “sensory 
partitioning” of the muscles. 

Schwestka et al (1981) and Windhorst and Schwestka (1982) showed 
that the influence exerted by one motor unit on the spindle discharges 
was more or less strongly affected by the action of other motor units, 
dependent on the relative timing of their contractions. Windhorst et al 
(1982) also showed that the muscle spindle is particularly sensitive to 
“doublet” activations of motor units (successive firing of the same motor 
unit within 10 ms). 


The Golgi Organ 
The Golgi organs are located in the relatively stiff aponeuroses ex- 
tending from the tendon. Thus, these receptors provide almost no 
information concerning muscle length. They are, instead, sensitive to 
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muscle tension. They are fusiform in shape, approximately 650 um long 
and 50 um in diameter in midsection. They are innervated by the group 
Ib afferent fibers which, through a disynaptic connection, have an 
inhibitory effect on the motoneuron pool of the homonymous muscle 
and a less pronounced but nonetheless measurable excitatory effect on 
the motoneuron pool of the antagonist muscle(s) (Watt, 1976). 

For several decades it was believed that the Golgi organs had a high- 
force threshold, restricting their involvement to that of a safety valve. 
Houk and Henneman (1967) showed that discharge of the Golgi organs 
was highly sensitive to minute increases of the tension applied to the 
tendon. Subsequently, it has been shown by Binder et al (1977) that the 
Golgi organs are sensitive to individual motor unit twitches. In fact, the 
architecture of the muscle fiber insertion into the tendon is structured 
so that muscle fibers of several (5 to 25) motor units attach to any one 
Golgi organ. This apparent distribution of motor unit impingement to 
the Golgi organs serves the purpose of spatially integrating the force 
emanating from the quasirandomly generated force twitches from the 
motor units. This arrangement provides the Golgi sensor with the 
capability of responding to the force contribution of individual motor 
units, as well as to a more global force contribution from the muscle as 
a whole. 


Behavior of Muscle Spindle and Golgi Organs during a Contraction 
and a Stretch 


The Golgi tendon is essentially a force sensor; therefore, it will respond 
in a fashion similar to an externally applied tension (during stretch) or 
an internally applied tension (during a voluntary contraction). The 
spindle, on the other hand, is sensitive to length and velocity; thus, it will 
respond differently, depending on whether it is being elongated during 
a stretch or shortened during a voluntary contraction. The conjoint 
involvement of the two sensory systems is displayed in a schematic fashion 
in Figure 5.1. 

When an external load applied to a muscle stretches the muscle, 
probably all (certainly most) of the spindles in a muscle are stretched and 
respond by providing an excitatory influence on the motoneuron pool 
of the stretched muscle and an inhibitory influence on the motoneuron 
pool of the antagonist muscle. The Golgi organs will also be stimulated, 
and they respond by contributing an inhibitory influence on the moto- 
neuron pool of the agonist muscle and an excitatory influence on the 
motoneuron pool of the antagonist muscle. In this operating condition, 
the spindle and the Golgi organ responses conflict. However, if the 
applied stretch is brisk, that is, if the rate of force applied to provide the 
perturbation displacement is considerable, a reflex contraction response 
counteracting the displacement will result. This indicates that under such 
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conditions the Ia afferent fiber stimulation provides the dominant effect, 
an interpretation which is consistent with the known fact that the Ia fiber 
endings detect motion changes. This mechanism is the well-known stretch 
reflex. Thus, viewed from the perspective of external disturbances, the 
spindle provides a mechanism for load or displacement compensation. 

When a muscle is contracted, either under voluntary control or via 
electrical stimulation, the spindles are slackened as the muscle fibers 
around it shorten. However, unlike the case of a rapid externally applied 
stretch, only some of the spindles throughout the muscle will be disturbed 
at any given force level. (All the spindles will be disturbed only when all 
the motor units in the muscle are excited.) Thus, the discharge of the 
spindles will be decreased, providing a reduction in the excitatory influ- 
ence (which is at times referred to as disfacilitation) on the agonist 
motoneuron pool and a decrease in the inhibitory influence on the 
antagonist motoneuron pool. However, the Golgi organs will respond to 
the increasing tension and increase their discharge appropriately. Thus, 
they will provide an inhibitory effect on the homonymous muscle and 
an excitatory effect on the antagonist muscle(s). Hence, during a volun- 
tary contraction, the behavior of the muscle spindle and the Golgi organs 
is complementary. 


Renshaw Cells 


Renshaw (1946) discovered that antidromic impulses in motoneuron 
axons (moving towards the cell body) inhibited neighboring motoneu- 
rons, and that such impulses caused discharges of interneurons of the 
ventral horn, which have since been called Renshaw cells. The Renshaw 
cells receive collateral branches from the motoneuron axons while the 
Renshaw cells’ axons terminate on the motoneurons themselves. This 
forms a feedback circuit with “recurrent inhibition” whose significance 
is not yet fully understood. 

It has been reported that Renshaw cells are more strongly excited by 
collaterals of large motoneurons than collaterals of small ones (Ryall et 
al, 1972; Pompeiano et al, 1975; Friedman et al, 1981; and others). It 
also has been shown that Renshaw cells mutually inhibit other Renshaw 
cells (Ryall, 1970), the y-motoneurons (Ellaway, 1971), and the interneu- 
rons mediating group Ia reciprocal inhibition (Ryall and Piercey, 1971). 
Renshaw cells may be activated by the discharge of a single motoneuron 
(Ross et al, 1975), and their discharge rates are nonlinearly related to 
the motoneuron discharge rate (Ross et al, 1976; Hultborn and Pierrot- 
Deseilligny, 1979; Cleveland et al, 1981). 

It should be noted that the morphological and physiological evidence 
for the presence of Renshaw cells has been obtained mainly from the 
lumbarsacral part of the spinal cord of cats. Reports of their existence in 
man are much scarcer. Pierrot-Deseilligny and Bussel (1975) have pro- 
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vided an elegant demonstration of their activity in the soleus muscle of 
man. 

It is difficult to identify a clear functional role of the Renshaw cells 
because of their apparent multiple actions. Hultborn et al (1979) have 
suggested that the supraspinal inputs which converge on Renshaw cells 
enable the recurrent inhibition to serve as a variable gain regulator at 
the motoneuronal level. Hultborn et al (1979) also argued that Renshaw 
cell action on the Ia inhibitory pathway and on the -motoneurons is 
meaningful since all these neurons act together as a functional unit, 
forming an “output stage” of the motor system. 


Other Muscle Receptors 


Muscles contain a variety of sensory fibers in addition to those men- 
tioned in the previous sections. Afferent fibers with free nerve endings 
and having a wide range of diameters (groups II, III, and IV) have been 
identified. A few Pacinian corpuscles (specific skin sensors sensitive to 
touch and pressure) are supplied by fibers of group I and II. Joint capsule 
receptors are also innervated by sensory fibers. Prolonged muscular 
contractions in conjunction with blood occlusion produce discharges of 
the unmyelinated C fibers, which also seem to be sensitive to light touch 
or slight changes in temperature (see Mendell and Henneman, 1980). 

Although the actions of most of these receptors are not clearly iden- 
tified, several withdrawal reflexes which may arise in response to the 
possibility of injury seem to originate in these types of receptors. It has 
also been shown (Sabbahi and De Luca, 1981, 1982; and others) that 
cutaneous afferents may have important inhibitory effects on the 
a-motoneurons. 


BEHAVIOR OF MOTOR UNITS 


All the sensory mechanisms, along with the suprasegmental and supra- 
spinal contributions, converge on the soma of the a-motoneurons and 
contribute to its disposition to discharge. The discharge behavior of the 
a-motoneurons may be conveniently studied by observing the discharges 
of the motor units in the muscle. 


Interpulse Intervals 


When MUAPTs can be properly identified, it is possible to measure 
the time between adjacent discharges of a motor unit, i.e., the interpulse 
interval (IPI). The IPI has been observed to be irregular, and can be 
described as a random variable with characteristic statistical properties 
(De Luca and Forrest, 1973a). 

The most general characterization of the IPI is a histogram, which is 
a discrete representation of the probability distribution function. The 
histogram should only be computed for relatively short durations of the 
MUAPT (less than 10 s). Two common parameters of the probability 
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distribution function, or the histogram, are the mean and the standard 
deviation. These two parameters have been used to describe the IPIs. 
Tokyzane and Shimazu (1964) suggested that it might be possible to 
differentiate between two categories of motor units (tonic and kinetic) 
by plotting the mean vs. the standard deviation of the IPIs. Their report 
presented two distinguishably different relationships. Leifer (1969), Per- 
son and Kudina (1972), De Luca and Forrest (1973a), and Hannerz 
(1974) found no such distinction. They, instead, found a continuous 
range of mean vs. standard deviation relationship. 

The shape of the IPI histogram, as reported by various investigators, 
is not consistent. Buchthal et al (1954b), Leifer (1969), Clamann (1970), 
and others have reported that the shape has a Gaussian distribution. De 
Luca and Forrest (1973a and b), Person and Kudina (1972), and others 
have reported an asymmetric distribution with positive skewness. It is 
now known that the shape of the IPI histogram will vary as a function 
of time during a sustained contraction (De Luca and Forrest, 1973a) and 
as a function of firing rate. Figure 5.2 presents histograms of the IPIs 
during six consecutive equilength segments of 5 s of a MUAPT detected 
during a constant force contraction from the deltoid muscle. Note that 
as the time of contraction progresses, the mean value and standard 
deviation of the IPI both increase, and the shape of the histogram 
changes. The MUAP used in Figure 5.2 corresponds to that whose firing 
rate is displayed as the first recruited motor unit in Figure 5.8. When a 
motor unit is recruited, the IPIs have a relatively large coefficient of 
variation. But as the firing rate increases, usually associated with an 
increase in the force output of the muscle, the coefficient of variation 
decreases as the motor unit discharges become more regular. This 
property is demonstrated in Figure 5.3. The top section presents the force 
profile of an isometric contraction of the deltoid muscle superimposed 
on the IPI values of three MUAPTs which were detected during the 
contraction. The bottom section presents the IPI histograms of four 
consecutive segments of MUAPT no. 3. The first part of the contraction 
was maintained at the recruitment level of motor unit no. 3, the second 
part of the contraction at a higher force level. Note that the IPI values 
of motor unit no. 3 are highly irregular when it is discharging near its 
threshold but become considerably more regular as the force output is 
increased by a small amount (4%). This modification in the IPI behavior 
is reflected in the histograms. 

The rapid decrease of the standard deviation with increasing firing 
rate after recruitment is found in the data of Hannerz and of Person 
and Kudina. The latter investigators proposed that after-hyperpolariza- 
tion may be responsible for reducing the standard deviation and thus 
increasing the regularity of the intervals. Considerable modifications in 
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Figure 5.2. Histograms of the IPI of six consecutive segments (each 5 seconds 
long) of a MUAPT detected from the deltoid muscle during a constant-force 
isometric contraction at 30% of maximal voluntary contraction. This MUAPT 
corresponds to the first recruited motor unit in Figure 5.8. Note that as the time 
of the contraction progresses, the mean, standard deviation and shape of the 
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Figure 5.3. (Top) The interpulse intervals of three concurrently active motor 
units during an isometric contraction of the deltoid muscle having the displayed 
force profile. Note the decreased variability of the interpulse intervals of the 
third motor unit when the force output increases. (Bottom) Histograms of the 
interpulse intervals of the third motor unit at various time intervals of the 
contraction. Note the dramatic change in the shape. 
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the shape of the IPI histograms have also been reported from patients 
afflicted with supraspinal motor disturbances (Freund et al, 1973). 

As the force increases, the rate of discharge of the motor unit increases, 
and the IPIs become shorter, which is evident in Figure 5.3. This 
diminution of the IPIs is accentuated during “ballistic” contractions, i.e., 
those which are performed as fast as possible. During such contractions, 
IPIs less than 10 ms in duration are present (Desmedt and Godaux, 
1978; Bawa and Calancie, 1982). 

Gurfinkel’ et al (1964) reported several influences on the standard 
deviation for the IPIs of individual motor units. In patients with distur- 
bances of joint perception, the standard deviation was considerably 
reduced compared to that of a normal individual, but in patients with 
cerebellar disturbances, no differences were seen. They also found a 
tendency for the standard deviation to decrease when normal subjects 
used surrogate means of control (audio or visual feedback) in addition 
to proprioception. Although Holonen (1981) reports no discernible 
difference in the regularity of the IPI between audio and visual feedback, 
Sato (1963) found that the coefficient of variation for motor units from 
the dominant hand of right-handed subjects tended to be lower than 
that of the left hand. Voluntary oscillations were more regular when 
performed with the right hand. This suggests that a lower coefficient of 
variation corresponds to greater capability of precision control. 

Interdependence. Another statistical parameter of interest for de- 
scribing the IPIs of a motor unit is their interdependence. The greatest 
amount of dependence (if any) should occur between adjacent intervals. 
Dependence may be tested by plotting the values of the adjacent IPIs 
against each other in the form of a scatter diagram. If the adjacent IPIs 
are independent and the random process is stationary (time invariant), 
the points on the scatter diagram will be randomly distributed ina 
fashion determined by the probability distribution function of the IPIs. 
In case of dependence, the points on the scatter diagram will have 
statistically dependent coordinates. An alternative test for dependence is 
serial correlation. If the average product of the adjacent IPIs is equal to 
the square of the average of the IPIs, then the serial correlation is zero, 
and the IPIs are linearly independent. Lesser values indicate a negative 
serial correlation and the tendency of short IPIs to be followed by long 
IPIs, and vice versa. If the IPI random process is not stationary, the 
above tests may indicate dependence, when none exists. Therefore, 
measurements for IPI dependence must be performed over sufficiently 
short time periods, to reduce time-varying effects. 

Several authors have noted weak, negative correlations between adja- 
cent IPIs of single motor units. Kranz and Baumgartner (1974) found 
some motor units that exhibited negative serial correlation, some weakly 
positive, and some with no significant serial correlation in most cases. 
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Person and Kudina (1971, 1972) found negative serial correlation only 
for motor units firing at rates above 13 pulses/second (pps). At these 
firing rates they found a constant small standard deviation (5 ms) and 
symmetric IPI histograms. They attributed these results to the effect of 
afterhyperpolarization. De Luca and Forrest (1973a) used a chi-square 
test on the joint interval histogram for adjacent intervals of MUAPTs 
detected during constant-force isometric contractions. No dependence 
of any statistical significance was found. 

Few authors report having made calculations from the IPI data of 
single motor units to test for higher order interval dependence. The 2nd 
through 10th order serial correlation coefficients computed by Kranz 
and Baumgartner (1974) were of lesser magnitude than the first order 
coefficients, and the chi-square test on the 3rd order joint interval 
histogram computed by De Luca and Forrest (1973a) revealed no depen- 
dence. 

Synchronization. Synchronization, the tendency for two or more 
motor units to discharge at a fixed time interval with respect to each 
other. This includes, but is not limited to, MUAPTs which are phase- 
locked or entrained. In a mathematical sense, synchronization can be 
defined as dependence between MUAPTs. A useful technique for ob- 
serving the synchronous activity among the discharges of pairs of motor 
units has been described in Chapter 4. It consists of calculating the 
“intensity function,” which is an operation similar to obtaining a cross- 
correlation function of two discrete variables. 

The interest in this property of motor unit discharge has its roots in 
the observations of Piper (1907, 1908), who noted that on occasions, the 
surface EMG signal displayed oscillatory (grouped) activity. This occur- 
rence has been accepted as an indication of synchronization of motor 
unit discharges. Such an interpretation has often been contested and still 
remains to be proven. 

Evidence of the symptoms of synchronization has been reported by 
several authors. Lippold et al (1957, 1970) found that the MUAPTs 
from different motor units tended to group at the rate of approximately 
9 bursts/second. This grouping became more evident when the muscle 
became fatigued. Missiuro et al (1962) and others have claimed to observe 
synchronization by noting the appearance of large periodic oscillations 
in the EMG signal as the muscle fatigued. Direct evidence was noted by 
Mori (1973), who observed that motor unit discharges in the soleus 
muscle synchronized during quiet stance in man. Ina later study, Mori 
and Ishida (1976) demonstrated that the discharge of motor units would 
indeed become synchronized if the feedback from the muscle spindle in 
the muscle was sufficiently large. 

Kranz and Baumgartner (1974) and Shiavi and Negin (1975) per- 
formed a cross-correlation analysis between the MUAPs of simultane- 
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ously recorded MUAPTs. They concluded that during nonfatiguing, 
constant-force, isometric contractions of the first dorsal interosseous, 
flexor digitorum profundus, extensor digitorum indicis, and tibialis 
anterior, there was no significant cross-correlation. However, Buchthal 
and Madsen (1950) and Dietz et al (1976), using the same technique, did 
find evidence of weak cross-correlation in normal muscles. The amount 
of the cross-correlation increased in diseased muscles. The degree of 
cross-correlation also increased as the amplitude of the physiological 
tremor increased. Milner-Brown et al (1975) reported that it might be 
possible to accentuate synchronization by exerting large forces for short 
periods of time. 

The phenomenon of motor unit synchronization has not been analyzed 
and documented as fully as other motor unit properties. Data have been 
reported which indicates that motor units tend to synchronize when the 
muscle is fatiguing, during physiological tremor, and in some disease 
states. However, no detailed description of the behavior of synchroniza- 
tion as a function of measurable parameters such as force and time has 
been given. This has mainly been due to limitations in the detection and 
analysis techniques that have been used. Also, a major disadvantage of 
the studies on synchronization which use indirect measurements from 
the raw EMG signal is that parameters other than synchronization may 
cause apparent oscillations in the amplitude of the raw EMG signal. 


Firing Rate 

Due to the pseudorandom nature of the IPIs, it is useful to measure 
the discharges of a motor unit in terms of an average firing rate, which 
is the reciprocal of the average IPI. However, for the firing rate to be 
meaningful, it should be measured over a representative time interval of 
400 to 1000 ms. Measurements made over shorter time intervals may 
lead to unrepresentatively large firing rate values, and measurements 
made over larger time intervals may obscure meaningful trends in the 
firing rate. For details on techniques for calculating the firing rates, refer 
to Chapter 4. 

The procedure of averaging (or filtering) the firing rates over the 400 
to 1000 ms time is comparable to the filtering effect which the muscle 
tissue has on the pulse train from the a-motoneurons which excite it. 
Solomonow and Scopp (1983) have provided clear evidence that the 
mechanical response of muscle tissue to the pulse frequency of the 
electrical stimulation applied to its innervating nerves has the response 
of a low-pass filter with a 3 dB point in the neighborhood of 1.5 to 2.5 
Hz. Thus, the recommended averaging (filtering) interval of 400 to 1000 
ms allows the observer to “see” the firing rate in a fashion analogous to 
the way the muscle tissue “sees” the firing rate. 
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The first reported study on the firing rates of motor units was that of 
Adrian and Bronk (1928, 1929), who properly noted that in man, the 
upper limit of the motor unit firing rate was approximately 50 pps. This 
was confirmed by other early studies by Smith (1934) and Lindsley 
(1935). 

Firing Rate as a Function of Force. The force dependence of firing 
rate during an isometric contraction has been studied by many investi- 
gators. 

In the rectus femoris muscle, Person and Kudina (1972) found that 
the low threshold motor units began firing at 5 to 11 pps and reached 
18 to 21 pps at 45% MVC. They also found that the higher the 
recruitment threshold of the motor unit, the less the motor unit increased 
its firing rate with increasing force. 

A frequently studied human muscle is the biceps brachii. Clamann 
(1970) found that the firing rate of motor units recruited at the lowest 
force levels was 7 to 12 pps. The firing rate increased with increasing 
isometric force to a maximum of approximately 20 pps. The minimal 
firing rate of a motor unit increased linearly with the threshold of 
recruitment. Almost no motor units fired above 20 pps, even near 100% 
maximal voluntary contraction (MVC), and no recruitment was observed 
above 75% MVC. Clamann (1970) also found that motor units near the 
muscle surface had higher thresholds of recruitment than those deep in _ 
the muscle. 

Leifer (1969), also working with the biceps brachii, found that all 
motor units fired at approximately 11 to 16 pps throughout the entire 
range of contraction force. After a motor unit was recruited, its firing 
rate increased slightly with increasing force and then remained constant 
at a preferred rate. He found that this preferred rate increased slightly 
with increasing threshold of recruitment. As the force level decreased, 
the firing rate decreased to 30 to 40% of the preferred rate before 
becoming inactive. 

Also working with the biceps brachii, Gydikov and Kasarov (1974) 
found that all motor units had a firing rate of 6 to 10 pps when they 
were recruited. Minimal recruitment occurred above 60% MVC. For 
some motor units, the firing rate increased to approximately 13 pps and 
then remained constant with increasing force, whereas for other motor 
units, the firing rate increased linearly with force up to 100% MVC. The 
former were generally recruited at lower force levels than the latter. 
Based on their data, they proposed the existence of two types of motor 
units, tonic and kinetic. However, their small sample source (a total of 
30 motor units from 15 subjects) limits the significance of their proposal. 
Clamann (1970) and Leifer (1969) did not describe two types of motor 
units in the biceps brachii; however, the firing rate characteristics found 
by these two investigators appear to differ slightly. 
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Kanosue et al (1979) studied the motor unit firing rate properties of 
the brachialis muscle, a synergist to the biceps branchii. Their results 
were in general agreement with those of Leifer (1969) in the biceps 
brachii. Kanosue et al (1979) provided support for the nonlinear increase 
of the firing rate as a function of force. However, unlike Gydikov and 
Kasarov, they did not conclude that two distinctly different categories of 
motor units are present in brachialis, based on their firing rate charac- 
teristics. Kanosue et al (1979) also reported that as the force output of 
the muscle increased to approximately 75% MVC, the firing rates of 
some motor units increased dramatically. 

Hannerz (1974) and Grimby and Hannerz (1977), working with the 
tibialis anterior and short toe extensors, reported that the minimal firing 
rate of motor units recruited below 25% MVC was 7 to 12 pps and the 
maximal firing rate was 35 pps. For motor units recruited above 75% 
MVC the minimal firing rate was 25 pps, and the maximal firing rate 
was 65 pps in the tibialis anterior and 100 pps in the short toe extensors. 
Thus, both the average firing rate and the initial firing rate at recruit- 
ment increased with force. These firing rates are notably higher than 
those reported by other investigators. This discrepancy may be due to 
the method used to estimate the firing rate. They also found that all 
motor units recruited above 80% MVC discharged in bursts with pauses 
of 1 second or more at constant force levels. In a complementary study 
on the toe extensor, Borg et al (1978) found that motor units which 
could be driven continuously at firing rates below 10 pps had axonal 
conduction velocities between 30 and 40 m/s; those that could be driven 
only in higher firing rates bursts had higher axonal conduction velocities. 

Monster and Chan (1977), working with the extensor digitorum com- 
munis in the forearm, demonstrated that the rate of increase of the firing 
rate increased with the voluntary force output of the muscle for higher 
threshold motor units. This behavior is consistent with that found by 
Kanosue et al (1979) in the brachialis muscle. However, it must be noted 
that the force levels studied by Monster and Chan (1977) was consider- 
ably less in terms of percentage MVC than those studied by Kanosue et 
al (1979). 

Tanji and Kato (1973a and b), working with a smaller muscle, the 
abductor digiti minimi, found that motor units began firing at approxi- 
mately 8 to 9 pps. They also reported that the earlier recruited motor 
units had the capability of increasing the firing rate to much higher 
values than latter recruited motor units during linear force increasing 
contractions. The firing rate at the beginning of the contraction was 
noted to increase as the force-rate of the contraction increased. 

Milner-Brown et al (1973a) studied the activity of single motor units 
in the first dorsal interosseous muscle contracting at force levels below 
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50% MVC. They found that when recruited, motor units began firing 
at 8.4 + 1.3 pps and increased their firing rate 1.4 + 0.6 pps for each 
100 g of force output, independent of the force at which each motor 
unit was recruited. They also found that a change in the force rate 
affected this result. At slow rates of increasing force (100 g/s), the firing 
rate had a tendency to reach a plateau, while at faster rates of increasing 
force (1000 g/s) motor units were recruited at lower force levels but 
with higher initial firing rates. This difference was not apparent during 
decreasing voluntary contraction. 

Freund et al (1975) also performed an extensive investigation of single 
motor unit activity in the first dorsal interosseous muscle. They found 
that all motor units, regardless of their recruitment threshold, began 
firing at approximately the same rate (6.8 + 1.4 pps). However, the 
lower threshold motor units increased their firing rates with increasing 
force much faster than the higher threshold units. The firing rates 
increased with force asymptotically to a maximal rate which also de- 
pended on recruitment threshold. These maximal rates varied from 
approximately 25 to 10 pps for low to high threshold motor units, 
respectively. However, none of the studied motor units were recruited 
above a force of 700 g. The rate of force increase tested by Freund et al 
(1975) was slower than that tested by Milner-Brown et al (1973a). This 
difference might account for some of the observed discrepancy. 

Firing Rate as a Function of Muscle. It is now apparent that two 
distinct behaviors of the firing rate of motor units as a function of force 
output of the muscle have been reported by several investigators. The 
behavior is muscle dependent. In smaller muscles, such as those in the 
hand, the firing rates of motor units reach relatively higher values than 
the firing rates of motor units in larger limb muscles. Comparable data 
for highlighting this point has been presented by De Luca et al (1982a), 
as well as by Kukulka and Clamann (1981). The latter investigators 
studied the firing rate behavior of motor units in the biceps brachii and 
the adductor pollicis in the same subjects. De Luca and colleagues 
investigated the first dorsal interosseous and the deltoid of the same 
subjects. 

De Luca et al (1982a and b), employing the recording and decompo- 
sition system described in Chapter 4, were able to study the behavior of 
up to eight concurrently active motor units. The subjects were requested 
to generate triangular force-varying isometric contractions up to 80% 
MVC. The experiments were performed on four categories of subjects: 
normal sedentary individuals, world class long distance swimmers, world 
class powerlifters, and world class concert pianists. An example of the 
results is presented in Figure 5.4, which presents the continual value of 
the mean firing rate (averaged over 800 ms) and the force produced by 
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Figure 5.4. Firing-rate records of concurrently active motor units (dashed lines) 
are shown superimposed on the force output (continuous line) recorded during 
triangular force-varying contractions of the deltoid and first dorsal interosseous 
(FDI). Force levels are given in percent of maximal voluntary contraction (MVC) 
at right. These firing rate patterns are characteristic of those obtained for each 
muscle at all force rates examined and both peak forces (40 and 80% MVC). 
Note the presence of separate vertical scales for each of the displayed parameters. 
Firing rate and force values were related through the time axis. 


the muscle (about a joint) as functions of the time of the contraction. 
(The heavy solid line represents the force.) Note that in the deltoid muscle 
the firing rate rises steeply after recruitment, reaches an apparent pla- 
teau, and subsequently decreases less rapidly than it increased, although 
the force rate on the rising and falling phases is somewhat similar. The 
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first dorsal interosseous muscle on the other hand presents a strikingly 
different behavior during a similar force task. In this case, the firing 
rates are nearly linearly related to the force and do not display the 
plateau or asymmetry with force which is evident in the deltoid data. All 
the subjects clearly demonstrated this distinction in the firing rate be- 
havior. 

Another interesting observation that can be made in Figure 5.4 con- 
cerns the properties of the firing rate at recruitment and at decruitment. 
In the deltoid muscle, the recruitment and decruitment firing rates are 
higher than in the first dorsal interosseous. In the deltoid the decruitment 
firing rate is lower than the recruitment firing rate. This distinction is 
not apparent in the first dorsal interosseous. Figure 5.5 presents the 
results of the grouped data from the separate categories of subjects. The 
distinction in the behavior of the absolute values of the recruitment and 
decruitment firing rates is now apparent. Note the relatively minor 
distinction among subject categories, compared to the distinction be- 
tween the two muscles. This data provides circumstantial evidence for 
the adaptation of motoneuronal properties, such as the time course of 
afterhyperpolarization, during a sustained contraction. It also indicates 
that the process of adaptation is executed with varying emphasis in 
different muscles. 

The dynamics of the firing rates also differed between the two muscles. 
Figure 5.6 presents the maximal firing rate values of the motor units at 
the 40% and 80% MVC level as a function of recruitment force. In the 
deltoid the firing rate of all the motor units increased only by approxi- 
mately 16 pps. This increased “swing” in the firing rate range of the first 
dorsal interosseous muscle is also visible in Figure 5.4. 

A comparison of the firing rate properties of the first dorsal interos- 
seous and deltoid muscles is presented in Table 5.1. 

This minimal firing rate, or firing rate at recruitment, is generally 
assumed to be governed by the duration of the motoneuron afterhyper- 
polarization. Zwaagstra and Kernell (1980) have reported a negative 
correlation between the size of the motoneuron cell body and the 
duration of the afterhyperpolarization, indicating that the earlier re- 
cruited smaller motoneurons should have a lower initial firing rate. To 
date, numerous investigations have not revealed a distinct increase in the 
minimal firing rate as a function of recruitment threshold. (The works 
of Hannerz (1974) and Grimby and Hannerz (1977) are an exception.) 
Thus, it is reasonable to conclude that the minimal firing rate is deter- 
mined by additional factors, possibly the recurrent inhibition of the 
Renshaw system. This latter suggestion is speculative but nonetheless 
attractive. 

Figure 5.5 and the above table present a clear indication that the firing 
rate at recruitment is much more variable among motor units in different 
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Figure 5.5. The distribution of motor-unit firing rates at initiation (recruitment) 
and cessation (decruitment) of continuous activity during triangular force-varying 
contractions reaching 40% MVC. In general, decruitment firing rates are lower 
than recruitment firing rates, but both of these parameters are greater in the 
deltoid than in the first dorsal interosseous (FDI). Significant differences between 
subject groups are indicated by bars showing the upper limits of the P values. 
(From C.J. De Luca et al, © 1982a, Journal of Physiology.) 
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Figure 5.6. Peak firing rates achieved during triangular contractions reaching 40 
and 80% MVC as a function of recruitment-force threshold. The computed least- 
squares linear regressions in the first dorsal interosseous (FDI) show strong 
negative correlations (linear regression coefficients > 0.56). In the deltoid, the 
linear regressions had slopes significantly different from zero at 40% MVC (p< 
0.008), but not at 80% MVC (p < 0.08). (From C.J. De Luca et al, © 1982a, Journal 
of Physiology.) 
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Table 5.1 
Motor-Unit Firing Rates in Two Different Muscles* 


Muscle Recruitment rate Decruitment rate Peak rate at 40% Peak rate at 80% 


(pulses/s) (pulses/s) MVC (pulses/s) MVC (pulses/s) 

FDI 8.9 + 2.2° 7.3 £272 25.3 + 8.2 41.4+9.6 
(119) (119) (81) (38) 

Deltoid 12.9 + 2.5 9.1+2.5 26.3 + 4.8 29.4 + 3.4 
(158) (158) (124) (34) 


@ In each case the mean + SD of an observation is listed with the number of 
observations (n) in parentheses. 


muscles than among motor units within a muscle. It is also apparent that 
training does not significantly affect the firing rate value at recruitment. 

Firing Rate during Strenuous Contractions. Another interesting prop- 
erty of the firing rates of motor units has been observed by Kanosue et 
al (1979) in the brachialis and by De Luca et al (1982a and b) in the first 
dorsal interosseous during extremely strenuous isometric contractions. 
The observations of De Luca et al (1982a) are presented in Figure 5.7. 
The firing rates of relatively high threshold motor units abruptly double 
from 30 to 60 pps. Such behavior was only seen occasionally, partly due 
to the extremely difficult task of accurately identifying motor unit action 
potential during these strenuous contractions. This phenomenon may 
also account for the distinction in motor unit behavior noted by Gydikov 
and Kosarov (1974) in the biceps brachii. 

This behavior may represent a means of tapping the force reserves in 
a muscle. The type of contraction in which this phenomenon is clearly 
seen (10% MVC/s) is important, since these strenuous contractions were 
the only type in which the subject reported definite effects of fatigue on 
performance. As force output slowly increases toward 80% MVC, mus- 
cular fatigue causes the actual level of maximal voluntary effort to fall 
below that possible in a nonfatigued state. During the contraction shown 
in Figure 5.7, the individual (a normal subject) actually reported the 
sensation of reaching maximal voluntary contraction at the time of the 
firing-rate bursts. 

Brief firing-rate bursts of 50 pps have been reported in single units 
during maximal voluntary contractions of the human quadriceps muscles 
(Warmolts and Engels, 1972) but only in patients with chronic low-grade 
motor neuropathies. Muscle biopsy revealed that this behavior was only 
seen in homogeneous fields of fast-twitch fibers (greater than 96%), 
apparently arising as the result of collateral reinnervation. Because of 
the difficulties inherent in separating the activities of several rapidly 
firing motor units, we were unable to determine whether all units 
displayed this bursting activity or whether large units were activated 
preferentially. The mechanical contribution of smaller units would pre- 
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Figure 5.7. Firing-rate activity of two high force-threshold motor units (dashed 
lines) superimposed on the force output (continuous line) during a triangular 
force-varying contraction of the first dorsal interosseous (FDI). The highest rate 
is achieved by the lower threshold motor unit (recruitment-force thresholds for 
the two units were 31 and 42% MVC). Note the presence of separate vertical 
scales for each of the displayed parameters. Firing rate and force values were 
related through the time axis. (From C.J. De Luca et al, © 1982a, Journal of 
Physiology.) 


sumably be small, however, since most are probably fused at the relatively 
high firing rates observed prior to the bursts (approximately 30 pps). 
Although intermittent firing-rate bursts have been observed using 
single-unit recording, Figure 5.7 is the first evidence of a bursting 
phenomenon in continuously active motoneurons during nonballistic 
contractions. Whether these rapidly increasing firing rates result from a 
sudden increase in synaptic excitation is difficult to determine. However, 
evidence of this type of nonlinearity is well documented in cat spinal 
motoneurones subject to increased levels of current injection (Kernell, 
1965). Baldisseria et al (1978) have accounted for this effect (the so- 
called secondary range of motoneuron firing) by a model based on the 
time course of motoneuronal afterhyperpolarization, indicating that it 
may well be a passive response to high levels of synaptic current injection. 
This effect may also account for the extremely rapid firing-rate bursts 
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(60 to 120 bursts/s) seen by Desmedt and Godaux (1977a and b) during 
ballistic contractions of the tibialis anterior, where high levels of synaptic 
current are necessary. 

In contrast, no evidence of a firing-rate burst response was seen during 
voluntary contractions of the deltoid up to 80% MVC. Because of the 
“tonic” behavior observed in the deltoid, motor-unit firing rates re- 
mained much lower than those reached in the first dorsal interosseous. 
Refer to the previous table for details. If twitch contraction times are 
comparable for motor units in the two muscles, most fast-twitch deltoid 
units are probably unfused even at 80% MVC. Interestingly, a recent 
study of single motor units in the neighboring human brachialis muscle 
(Kanosue et al, 1979) has demonstrated behavior similar to that seen 
here in the deltoid but with an increased reliance on rate coding above 
70% MVC. De Luca et al (1982a and b) did not investigate the force 
range between 80 and 100% MVC; however, the presence of unfused 
motor units indicates that rate coding has a tremendous potential for 
increasing force output up to (and even beyond) maximal voluntary 
levels in muscles like the deltoid. If the central nervous system were to 
increase firing rates or generate firing-rate bursts in the large fast-twitch 
motor units of the deltoid (such as those seen in the first dorsal interos- 
seous), extraordinary force levels could be achieved for short periods of 
time. This mechanism may indeed be the explanation for many of the 
incredible feats performed by humans under high stress conditions and 
during hypnotic states. 

Firing Rates in Abnormal Muscles. Much fewer investigations studying 
the behavior of the firing rate of abnormal muscles have been performed. 
However, it appears that interest in this area is increasing as new 
techniques and equipment develop. Companion reports by Andreassen 
and A. Rosenfalck (1980) and A. Rosenfalck and Andreassen (1980) 
have shown that the mean firing rate of motor units in spastic muscles is 
a reduced firing rate, compared to that of motor units from the corre- 
sponding muscle in normal subjects. Kranz (1981) drew similar conclu- 
sions in patients with clinically mild lesions of the central nervous system. 
Conversely, Holonen et al (1981) report that the average firing rate 
tends to be greater than normal in muscles with myopathic disorders. 


Firing Rate as a Function of Time 


During sustained contractions of healthy muscles, the firing rate of 
motor units has a tendency to decrease independently of the force output 
of the muscle. This behavior appears to be a reflection of motoneuronal 
adaptation processes and/or a decrease in the excitation to the muscle. 
This phenomenon was first reported to occur in constant force contrac- 
tions by Person and Kudina (1972) in the rectus femoris, independently 
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by De Luca and Forrest (1973a) in the deltoid and, more recently, in 
the first dorsal interosseous by De Luca et al (1982b). An example of 
this behavior during constant-force contractions is evident in the time 
progression of the characteristics of the IPI histograms of Figure 5.2 and 
in the firing rate curves of Figure 5.8. Grimby et al (1981) also observed 
a decrease in the firing rate. Kranz (1981) observed similar behavior in 
the first dorsal interosseous, extensor digitorum communis, and flexor 
digitorum profundus in patients with clinicially mild lesions of the central 
nervous system. 

This phenomenon has also been observed during force-varying iso- 
metric contractions. Figure 5.4 and Table 5.1 clearly show that the firing 
rate at decruitment is less than that at recruitment during a force-varying 
contraction. 

Kernell and Monster (1981) investigated the property by injecting a 
constant current into the motoneurons of the gastrocnemius muscle of 
cats. They succeeded in continuously exciting motoneurons which they 
were able to classify as slow-twitch (fatigue resistant) and fast-twitch (fast- 
fatiguing). Their results clearly indicated that the firing rates of the fast- 
twitch (fast-fatiguing) motoneurons decreased, whereas those of the slow- 
twitch (fatigue-resistant) motoneurons did not alter under similar stim- 
ulation of constant-current injection. Thus, it is apparent that the firing 
rate adaptation is at least in part a motoneuronal property, possibly 
associated with a modification of the afterhyperpolarization characteris- 
tics. 


Twitch Potentiation 


The decrease in the firing rate during a sustained contraction appears 
to occur concomitantly with another phenomenon, twitch potentiation, 
that is, an increase in the twitch tension produced by a motor unit. This 
phenomenon was first observed in mammalian muscles by von Euler and 
Swank (1940). Subsequent studies by Stondaert (1964), Nystrom (1968), 
and Burke et al (1976) have investigated the posttetanic potentiation in 
the in vivo soleus and gastrocnemius muscle of the cat. Substantial 
potentiation was always evident in the gastrocnemius muscle, in contrast 
to relatively little potentiation in the soleus muscle. In the cat, the soleus 
muscle consists almost entirely of slow-twitch fibers, whereas the gastroc- 
nemius contains both slow-twitch and fast-twitch fibers. Thus these 
results are consistent with and supportive of the observations of the 
firing rate decrease in fast-twitch fibers made by Kernell and Monster 
(1982). 

Muscles of humans have also been reported to display twitch potentia- 
tion. Gurfinkel’ and Levik (1976) noted such behavior in the forearm 
flexor muscles. Vandervoort et al (1983) also demonstrated potentiation 
of the twitch response of the tibialis anterior and plantar flexor muscles 
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Figure 5.8. (A) Firing-rate records of four concurrently active motor units 
(dashed lines) are shown superimposed on the force output (continuous line) 
recorded during a constant-force isometric abduction of the deltoid. The force 
level is given in percent of maximal voluntary contraction (MVC) at right. (B) 
Functions obtained by cross-correlating between firing rates. (C) Functions ob- 
tained by cross-correlating between firing rates and force output. Positive shift 
of peaks in C indicates that firing-rate activity leads force output. (From 
C.J. De Luca et al, © 1982b, Journal of Physiology.) 
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of the leg. They noted that the twitch potentiation was always more 
evident in the tibialis anterior than in the plantar flexors, and that it was 
only evident in contractions greater than 50% MVC. These observations 
support the notion that the faster-twitch fibers, which are more abundant 
in the tibialis anterior and are recruited at relatively higher force levels, 
are more susceptible to potentiation. They further noted that the poten- 
tiation effect was dependent on muscle length and time of contraction. 
It was greatest after contractions lasting approximately 10 s and in 
muscles in shortened positions. They speculated that the twitch potentia- 
tion was in some fashion related to the normally incomplete activation 
of the contractile elements in the muscle fibers. 


The Concept of the Common Drive 


To understand the strategy (or strategies) which the nervous system 
uses to control motor units for the purpose of generating and modulating 
the force of a muscle, two central questions arise: (1) Is there a strategy 
or are there rules which govern the process of motor unit recruitment? 
(2) Is there a strategy or are there rules which govern the behavior of 
firing rates of active motor units? The first question has received consid- 
erable attention. Notable contributions have been made by Henneman 
and his colleagues. Details of this question will be addressed in a subse- 
quent section. The second question has not engaged a comparable level 
of excitement, possibly due to the technical complexity of the experi- 
ments necessary to address it. 

In order to address the question concerning the behavior of the firing 
rate properly it is necessary to observe the firing rate as a function of 
time and force of contraction. The occasional reports in the literature 
provide the beginning of an indication of the firing rate behavior as a 
function of force. Several reports (Leifer, 1969; Person and Kudina, 
1972; Milner-Brown et al, 1973a; Tanji and Kato, 1973a and b; Monster 
and Chan, 1977; Monster, 1979; Kanosue et al, 1979) have all demon- 
strated that the firing rates of active motor units increase proportionally 
with increasing force output. This implies that increased excitation to 
the muscle motoneuron pool increases the firing rates of all the active 
motor units. 

This commonality in the behavior of the firing rates was studied in 
detail by De Luca et al (1982b). They observed the behavior of the firing 
rates of up to eight concurrently active motor units in the first dorsal 
interosseous and deltoid muscles during various types of isometric con- 
tractions: attempted constant force, linear force increasing, and force 
reversals. Since that study, we have performed similar investigations on 
the flexor pollicis longus, extensor pollicis longus, tibialis anterior, exten- 
sor carpi ulnaris, and extensor carpi radialis longus. 

The studies of De Luca et al (1982a and b) described a unison behavior 
of the firing rates of motor units, both as a function of time and force. 
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This property has been termed the common drive. Its existence indicates 
that the nervous system does not control the firing rates of motor units 
individually. Instead, it acts on the pool of the homonymous motoneu- 
rons in a uniform fashion. Thus, a demand for modulation of the force 
output of a muscle may be represented as a modulation of the excitation 
and/or inhibition on the motoneuron pool. This is the same concept 
which comfortably explains the recruitment of motor units according to 
the size principle. 

Figure 5.8A provides an example of the behavior of the firing rates of 
four motor units during an attempted constant-force contraction of the 
deltoid muscle. The firing rates have been filtered with a 400 ms Han- 
ning window. Note the common behavior of the fluctuations of all the 
firing rates. This commonality becomes more apparent in Figure 5.8B, 
which presents the cross-correlations of the firing rates. The high cor- 
relation values and the lack of any appreciable time shift with respect to 
each correlation function indicate that the modulations in the firing rates 
occur essentially simultaneously and in similar amounts in each motor 
unit. If the firing rates of the motor units are cross-correlated with the 
force output of the muscle, an appreciably high cross-correlation is also 
evident (Figure 5.8C). The peaks of the cross-correlation functions occur 
at a time corresponding to the time delays of the force built up after 
excitation in the muscle fibers. This testifies to the fact that the fluctua- 
tions in the force output are causally related to the fluctuations in the 
firing rates. 

The high level of cross-correlation between the firing rates and the 
force output (Fig. 5.8C) points strongly to the fact that a muscle is 
incapable of generating a pure constant-force contraction under isomet- 
ric conditions. The fluctuations in force which are ever present during 
attempted constant-force contractions are a manifestation of the low- 
frequency oscillations which are inherent in the firing rates of motor 
units. The dominant frequency of this oscillation is approximately 1.5 
Hz. The source of this oscillation has not been identified yet. But, it is 
interesting to note that the transfer function of the stimulation frequency 
and mechanical output of a nerve-muscle unit is a low-pass filter having 
a 3 dB point at approximately 1 to 2 Hz. This observation has been 
made by several investigators using a variety of paradigms. (Crochetiere 
et al, 1967; Coggshall and Bekey, 1970; Gottlieb and Agarwall, 1971; 
Soechting and Roberts, 1975; Solomonow and Scopp, 1983). Therefore, 
it would be functionally useful to “drive” the muscle near the “critical” 
frequency of the muscle contractile characteristics. In this fashion, the 
“drive” to the muscle is continuously poised to affect changes in the force 
output in the shortest period of time without any overshoot (errors). 

Referring back to Figure 5.4, a similar behavior is seen during force- 
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increasing and force-decreasing contractions. In this case, the firing rate 
fluctuations are superimposed on a “bias” firing rate value. This bias 
value displays the common and proportional association with force 
output which has been documented by several investigators, that is, as 
an increase in the force output of a muscle is required, all the active 
motor units increase their firing rates proportionally. Given that the 
initial (or minimal) firing rates of motor units at recruitment are consid- 
erably similar, it follows that the higher force-threshold, faster-twitch 
motor units will always have lower firing rates than the lower force- 
threshold, slower-twitch counterparts. This arrangement indicates a pe- 
culiarity of motor unit control during voluntary contractions, that is, the 
firing rate behavior is not complimentary to the mechanical properties 
of the motor units. Higher threshold motor units tend to have shorter 
contraction times and twitch durations and thus require higher firing 
rates to produce fused contractions. De Luca et al (1982a) calculated 
that in some cases, the faster-twitch motor units never achieved a fused 
contraction during voluntary effort. This behavior provides a basis for 
the concept that in man the full physical force generation potential of 
the muscle fibers may not be utilized during voluntary contractions. 
Conceivably, it may be held in abeyance for occasional dramatic displays 
of force. 

The examples of Figures 5.4 and 5.8 are representative of observations 
seen in the firing rates of motor units in all the upper and lower limb 
muscles investigated to date. It has been seen in relatively small and 
relatively large muscles; in motor units of slow-twitch and fast-twitch 
fibers. 

The common drive has also been observed to exist in an agonist- 
antagonist set of muscles simultaneously. In a recent study involving the 
flexor pollicis longus and the extensor pollicis longus, the sole controllers 
of the interphalangeal joint of the thumb, De Luca and colleagues have 
noted the common drive in both muscles. During voluntary stiffening of 
the interphalangeal joint, the firing rates of motor units in the two 
muscles were highly correlated with essentially no time shift (see Fig. 5.9 
for details). Note that although the force or torque output is approxi- 
mately zero, the common drive remains. This particular example points 
to the necessity of associating the behavior of the motor unit control to 
the effect on the motoneuron pool rather than the output of the joint. 
The same study also reported that during random flexion-extension 
isometric contractions of the interphalangeal joint, the firing rates of the 
antagonist motor units were negatively highly cross correlated. This 
implies the existence of an ordered modulation of the firing rates of 
motor units in the two muscles; when the firing rate increased in one, it 
decreased in the other, and vice versa. 
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Figure 5.9. Example of motor unit firing rate behavior during thumb phalangeal 
joint stiffening. FRC line denotes the force (or torque) output from the joint; the 
FLEX lines represent the firing rates of motor units in the flexor pollicis longus; 
the EXT lines represent the firing rates of motor units in the extensor pollicis. 
These two muscles are the sole controllers of the joint. 


These observations of the common drive indicate that when two antag- 
onist muscles are activated simultaneously to stiffen a joint, the nervous 
system views them as one unit and controls them in like fashion. In this 
case, the homonymous motoneuron pool consists of the motoneuron 
pools of both muscles. However, when the force output of the joint 
alternates from flexion to extension, or vice versa, the two pools are 
controlled reciprocally, with one being inhibited or disfacilitated while 
the other is excited. 

At this point, a cautionary note is in order. The presence of the 
considerably high level of cross-correlation in the firing rate cannot be 
interpreted as evidence of motor unit discharge synchronization. It 
simply means that the average pulses per epoch of time discharged by 
one motor unit behave similarly to those of all the other active motor 
units in the same epoch of time. It is, therefore, an indication of the 
control of motor units over a larger time scale than that which effects 
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the properties of synchronization that relate to individual discharges of 
motor units. 

Firing Rate at Force Reversal. The concept of the common drive raises 
a concern over the control scheme necessary to increase the force output 
to a precise value and then decrease the force, as would be the case in 
the execution of an accurate triangular force trajectory required in a 
skilled task. If the firing rates of all the motor units (slow twitch and fast 
twitch) are modulated simultaneously, how is an accurate force value 
generated prior to a force reversal when the contraction times of the 
different motor units (or muscle fibers) vary from 30 to 150 ms? This 
question is answered by the data in Figure 5.10. In this particular case 
the firing rates were filtered with a window of 800 ms in order to 
emphasize the “bias” firing rate, which is related to the force output. 
The shaded area prior to the force reversal emphasizes the fact that the 
earlier recruited (slower-twitch, longer contraction time) motor units 
decrease their firing rates before the latter recruited (faster-twitch, shorter 
contraction time) motor units. The bottom of the figure presents the 
cross-correlation functions of the firing rates and the force, providing a 
clearer expression of the lead-time between the firing rate reversal and 
the force reversal. This magnificant orchestration of firing rate reversals 
apparently considers the mechanical properties of the motor units so as 
to synchronize their contribution to obtain an accurate force output. 

The ordered firing rate reversals cannot be explained by differences 
in axonal conduction velocities. In fact, the conduction velocity gradation 
is organized in the opposite direction to that required. One explanation 
for this behavior would be that the nervous system keeps track of the 
particular mechanical response of each motor unit and delays the firing 
rate of each motor unit by an appropriate amount. Such an explanation 
is inconsistent with the common drive, which is in effect during other 
force generation modalities. In addition, it would require a tremendous 
amount of processing in the central nervous system. It is indeed highly 
unlikely in light of other possibilities. 

There remain two other possible explanations: a selective sensitivity 
to a reduction in excitation and/or a selective sensitivity to an increase 
in inhibition to the motoneuron pool. The possibility of the combined 
events is particularly attractive since experimental evidence obtained by 
Clamann et al (1974) suggests that interaction between excitation and 
inhibition processes might be expressed as simple algebraic values. 
Lusher et al (1979) have also demonstrated that in anesthetized cats, 
inhibition apparently proceeds according to the size principle, with the 
smaller motoneurons being affected first. 

The sequence of events might be as follows. As the subject plans or 
anticipates a force reversal, an increasing inhibitory input is applied to 
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Figure 5.10. (A) Firing-rate records of five concurrently active motor units 
(dashed lines) are shown superimposed on the force output (continuous line) 
recorded during a triangular force-varying contraction of the first dorsal interos- 
seous. Width of shaded area illustrates the concept of firing-rate reversal lead for 
the lowest threshold motor unit. (Note the presence of separate vertical scales 
for each of the displayed parameters. Firing rate and force values are related 
through the time axis.) (B) Functions obtained by cross-correlating between the 
firing-rate and force records for each motor unit shown in A. Horizontal positions 
of peaks are estimates of firing-rate reversal leads. (From C.J. De Luca et al, 
© 1982b, Journal of Physiology.) 


the motoneuron pool which competes with the increasing excitatory 
input in progress. Larger inhibitory postsynaptic potentials are produced 
in smaller motoneurons, effectively overcoming the excitation and re- 
sulting in ordered firing-rate reversals. Either prior to or as the force 
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peak is reached, a reduction in excitatory input augments the firing rate 
decrease. This simple scheme combines the known electrical responses 
of motoneurons with the varied mechanical responses of individual motor 
units to produce sharp force reversals: firing rates of small units with 
slow-twitch responses are reduced earlier than larger units with fast- 
twitch responses, effectively synchronizing the mechanical relaxation of 
the entire motor-unit population. 

Thus, the concept of the common drive is not violated because the 
excitation and inhibition act on the motoneuron pool without regard to 
the individual motoneurons. The specific ordered response is a property 
of the motoneuron pool architecture and structure. 


Recruitment 


Ordered Progression. The behavior of the process which controls the 
recruitment of motor units has received considerable attention. One of 
the most consistent observations of motor unit behavior reported in the 
literature concerns the order of recruitment as a function of size. For 
over two decades Henneman and his colleagues, working with decere- 
brate cats, have compiled considerable data directed at describing a “size 
principle.” This size principle states that the recruitment order within a 
motoneuron pool progresses from the smallest to the largest motoneu- 
ron. The most convenient in situ measure of the motoneuron size in a 
contracting muscle has been found to be the conduction velocity of the 
axon. And in fact, Henneman and his colleagues have used this measure 
(as well as others) to argue their case. 

The choice or description of the invariant parameter which describes 
the recruitment of motoneurons (or motor units) has been questioned 
by Fleshman et al (1981). In a series of related publications, they have 
been persistent in arguing that the motor unit type, classified according 
to the electrical-mechanical properties (or fatigue characteristics), has a 
dominant involvement in the behavior of the recruitment order. Kernell 
and Monster (1981), working with anesthetized cats, injected a current 
in a-motoneurons and confirmed that the axons with lower conduction 
velocities were consistently more excitable than those with faster con- 
duction velocities. However, among fast-twitch motoneurons of about 
the same size, as measured by their axonal conduction velocity, the 
average threshold current was about twice as high for cells innervating 
fatigue-sensitive muscle fibers than for those supplying more fatigue- 
resistant ones. 

These caveats are not necessarily contrary to the basic concept of the 
size principle because it is generally accepted that motor unit size and 
twitch tensions are represented as a continuum in the fiber type classifi- 
cations. In fact, it is conceivable that the nervous system follows a 
recruitment order strategy which may reflect the orderly increase of the 
mechanical contribution of the motor units within a muscle. 
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Freund et al (1975), working with humans, measured the axonal 
conduction velocities and found that the slower conduction velocities, 
and thus the smaller axons, were associated with the lower threshold 
motor units. Clark et al (1978), working with rhesus monkeys, have also 
confirmed that motor units recruited at lower force levels have longer 
contraction times and produce smaller twitch tensions than higher thresh- 
old motor units. By averaging the force output of the muscle as each 
action potential from a single motor unit occurred, Milner-Brown et al 
(1973b) were able to determine the twitch tension of some motor unit. 
They found a linear relationship between twitch tension and recruitment 
force, suggesting that the fractional increment in force (AF/F) is constant. 
Goldberg and Derfler (1977), investigating the masseter muscle, found 
that motor units with high-recruitment thresholds tend to have larger 
amplitude MUAPs and twitches with greater peak tension than with 
motor units recruited at lower force levels. 

Experiments directed at studying the recruitment order of motor units 
during relatively fast force increasing contractions, including ballistic 
contractions, have been performed by Tanji and Kato (1973a), Budingen 
and Freund (1976), Desmedt and Godaux (1977b, 1978), and De Luca 
et al (1982a). All these reports with the exception of Tanji and Kato 
stated that the recruitment order remained invariant as a function of 
force output and force rate. Tanji and Kato (1973a), Budingen and 
Freund (1976), and Desmedt and Godaux (1977b, 1978) all noted that 
the firing onset of a motor unit occurred earlier as the rate of the force 
output increased. This phenomenon is particularly evident during ballis- 
tic or near-ballistic contractions. This apparent downshift in force thresh- 
old of recruitment was correctly interpreted by Budingen and Freund 
(1976), who pointed out that in contrast to firing onset, the peak of the 
force of a motor unit twitch occurs at approximately the same muscle 
tension, regardless of the force rate. 

This latter observation indicates that the time of recruitment of a 
motor unit must be considered as the time when the motor unit contrib- 
utes to the force output, not the time at which the action potential is 
noted. This should serve as a reminder that the action potential is an 
artifact of the contractile process, albeit a useful one for investigatory 
purposes. 

De Luca et al (1982a) verified, in human muscles, that when the force 
output of a muscle is voluntarily decreased, motor units are decruited in 
the opposite order in which they were recruited. This result had been 
known to occur in decerebrated cats. The observation implies that 
disfacilitation of the motoneuron pool obeys a principle of ordered 
behavior also. The ordered decruitment behavior may be usefully asso- 
ciated with thresholds in the diminishing force. Figure 5.11 presents the 
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Figure 5.11. Force levels, given as percent maximal voluntary contraction (MVC) 
associated with motor-unit recruitment and decruitment. The linear relationship 
observed for both muscles (regression coefficients > 0.8; all data grouped) was 
consistent across all subject groups (A and B) and was invariant at the three force 
rates examined (C and D). Recruitment was only observed up to 52% MVC in 
the first dorsal interosseous (FDI) but was seen as high as 80% MVC in the 
deltoid. (From C.J. De Luca et al, © 1982a, Journal of Physiology.) 


force at recruitment plotted against the force at decruitment for motor 
units which were active during linearly force-increasing and linearly 
force-decreasing contractions of deltoid and first dorsal interosseous 
muscle of normal subjects and highly trained athletes. Positive linear 
correlations were observed in both muscles (r = 0.94 for deltoid, r = 
0.83 for first dorsal interosseous). No significant deviation from this 
relationship was seen among the four subject groups. Furthermore, 
Figure 5.11 illustrates invariant behavior across the force rates (nonbal- 
listic) of the contractions. This relationship points to a highly ordered 
recruitment and decruitment scheme which remains invariant with mus- 
cle, training, and force rate (nonballistic). 
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Small upward shifts observed in the regression lines of Figure 5.11 
indicate that motor units, in general, have a tendency to cease firing at 
relatively higher force levels than those at which they began. This effect 
has also been reported by Milner-Brown et al (1973b). It may simply be 
an expression of the fact that the force developed by a motor unit lags 
its discharge. 

Modification of Ordered Progression. There have been some reports 
which have argued that the orderly progression of motor unit recruit- 
ment is altered under some conditions. 

Tanji and Kato (1973a) reported that the recruitment order is not 
rigidly fixed among motor units with nearly similar force thresholds. 
Such observations have also been made in our laboratory. There are at 
least two possible explanations for such observations. One concerns the 
instantaneous force-rate at the time of recruitment. If the contractions 
are not repeated with the identical force rates in the neighborhood of 
the recruitment thresholds, it is conceivable that the order of two 
somewhat similarly sensitive motor units may be altered if the rise time 
of the twitches of the two motor units differs. The other explanation 
concerns the properties of motoneuron adaptation and/or twitch poten- 
tiation. During repeated contractions the twitch responses may be altered 
so that their mechanical characteristics coincide with the need for an 
altered recruitment order. 

Person (1974) reported that the recruitment order was stable for a 
given movement task but could be altered when the muscle performed 
a different movement task. Thomas et al (1978) noted that recruitment 
order reversal occurred during markedly different orientations in mul- 
tifunctional muscles such as the abductor pollicis brevis and extensor 
digitorum; none was seen in the first dorsal interosseous. Desmedt and 
Godaux (1981), however, did report order reversal in the first dorsal 
interosseous. Romeny et al (1982), working with the biceps brachii, also 
reported observing changes in the recruitment order, depending on the 
function (flexion or supination) performed by the muscle. All three 
reports stated the reversal was not consistent. Desmedt and Godaux 
reported a reversal between motor unit pairs only in 11.2% of the motor 
units which they observed. All three of these investigations used fine- 
wire electrodes to detect the signals. The reader is referred to the 
discussion on detection techniques in Chapter 2. Note that a relative 
movement of 0.1 mm between the detection surfaces of the electrodes 
and the active fibers may cause considerable modifications in the shapes 
of the MUAPs, the parameter that is used to determine if a new motor 
unit is recruited. Considering that the reversal has been noted almost 
exclusively during contractions of markedly different orientations, any 
claim for recruitment reversal must first prove that the electrode does 
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not migrate into the territory of other motor units. None of the published 
studies addresses this question. This necessary query shows that the 
inquisitiveness of an investigator should be tempered with the technicality 
of an engineering approach. The reported reversal may in fact occur, 
but it is yet to be proven. 

An unquestionable reversal of the recruitment order of motor units 
has been artificially induced in the first dorsal interosseous by Stephens 
et al (1978). They noted that prolonged electrical stimulation of the 
digital nerves of the index finger induced a reversal of recruitment 
order. This phenomenon persisted for some time after the stimulation 
ended. Similar results have been obtained by Mizote (1982) working 
with the lumbricals of anesthetized cats. 

Recruitment as a Function of Muscle. An overview of the available 
literature reveals that the recruitment scheme varies among muscles. In 
some muscles all the motor units are recruited at force levels well below 
maximal while in others, recruitment continues up to maximal. A clear 
example of this phenomenon may be seen in Figure 5.1 1, where in the 
first dorsal interosseous, all the motor units were recruited below 50% 
MVC, whereas in the deltoid, recruitment persisted up to nearly 80% 
MVC and may have been present even at higher force values. Milner- 
Brown et al (1973a) reported similar observations for the first dorsal 
interosseous. Kukulka and Clamann (1981) reported that in the biceps 
brachii, recruitment was observed up to 80% MVC, whereas in the 
adductor pollicis none was observed above 50% MVC. Kanosue et al 
(1979) found recruitment up to at least 70% MVC in a relatively large 
muscle, the brachialis. 

The accumulation of the above individual pieces of evidence indicates 
that small muscles, such as those found in the hand, recruit all their 
motor units below 50% MVC and larger muscles found in the limbs 
recruit motor units throughout the full range of voluntary force. A 
possibility may exist that in some muscles such as the soleus and gastroc- 
nemius, not all the motor units are activated during perceived maximal 
efforts (Belanger and McComas, 1981). Although in a smaller muscle, 
the adductor pollicis, both Merton (1954) and Bigland-Ritchie (1982) 
reported that all the motor units do become activated. However, in the 
latter case it has been correctly pointed out by Belanger and McComas 
(1981), that the thenar musculature contributing to adduction of the 
thumb is complex and is not all innervated by one nerve, thus compli- 
cating the rationale for comparing the force output during perceived 
voluntary maximal contractions and tetanic electrical stimulation of 
muscles via their innervation. 

Recruitment as a Function of Time. It is now generally accepted that 
human muscles contain motor units which have a continuum of mechan- 


162 MUSCLES ALIVE 


ical characteristics. The faster-twitch muscle fibers which comprise the 
motor units that are recruited at higher force-thresholds decrease their 
mechanical output at a faster rate than earlier recruitment slower-twitch 
muscle fibers. Thus, a question arises concerning the possibility of motor 
units being recruited during a sustained contraction. 

Several investigators have reported that during a constant-force iso- 
metric contraction, new motor units ought to be recruited throughout 
the duration of the contraction. (Edwards and Lippold, 1956; Vrenden- 
bregt and Rau, 1973; Person, 1974; Maton, 1981; and Kato et al, 1981). 
In fact we have made observations in our own laboratory which could 
be construed as supporting this position. However, such an interpretation 
must be cautioned. All experiments to date which have addressed this 
question have been restricted to relating the time-dependent behavior 
of recruitment to the torque measured at the affected joint. This torque 
is the result of the individual torques of all the agonists minus that of all 
the antagonist muscles. Thus, it is conceivable that the monitored torque 
output remains constant while the separate contributions from the ago- 
nist and antagonist muscles vary linearly. An extreme example of this 
complication is presented by Figure 5.9. In this case the joint is stiff, the 
torque output is approximately zero, and several motor units are active 
in the agonist and the antagonist. 

It is clear that much more work is required on this problem before a 
generalized statement may be made. 


Firing Rate and Recruitment Interaction 


Interaction within a Muscle. At the beginning of this chapter a descrip- 
tion of the peripheral systems which affect the control properties of 
motor units was presented. Referring to that text and to Figure 5.1, it 
may be seen that considerable anatomical and functional coupling exists 
among the motor units within a muscle. Such an interaction was indeed 
found by Broman et al (1984) and is displayed in Figure 5.12. In this 
study it was found that when a motor unit is recruited during slow force 
increasing (1-2% MVC/s) isometric contraction, it was often observed 
that previously activated motor units were disfacilitated. This was noted 
as a decrease in the firing rates of previously activated motor units as the 
firing rate of the newly activated motor unit increased and the force 
output of the muscle increased. The decrease in the firing rate is 
accentuated when the new motor unit is recruited with a doublet (first 
two discharge within 10 ms). The phenomenon has been observed in 
several muscles (large and small) located in both the upper and lower 
limb. 

This interaction between recruitment and firing rate may be explained 
by considering the known behavior of the stretch reflex and the Renshaw 
recurrent inhibition. 
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Figure 5.12. Firing rates (broken lines) of three concurrently active motor units 
of the tibialis anterior muscle recorded during an isometric contraction. The 
force (solid line) is presented as a percentage of the maximal voluntary contrac- 
tion (right scale). Note the gradual decrease of the firing rates of the top two 
tracings as the third motor unit is recruited. 


The following sequence of events would explain the phenomenon. As 
the muscle fibers of a newly recruited motor unit contract, they shorten. 
If these muscle fibers are located near a spindle, the spindle will slacken, 
and the discharge of the Ia and II fibers will be reduced, thus decreasing 
the excitation to the homonymous motoneuron pool. The contracting 
muscle fibers will also apply tension to the Golgi organs, which will 
increase the discharge of the Ib fibers, thus producing an increase in the 
inhibition to the homonymous motoneuron pool. Both effects will dis- 
facilitate the pool and thus decrease the “drive” to the active motoneu- 
rons, which is noted as a decrease in the firing rates of the motor units. 

The stretch reflex, however, fails to explain two aspects of the inter- 
action: (1) the firing rate increase of the newly recruited motor unit and 
(2) the slowness of the decrease in the firing rates. 

Therefore, the involvement of an additional mechanism, complement- 
ing the stretch reflex feedback, is proposed, that is, the Renshaw cell- 
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mediated recurrent inhibition. It has been shown that Renshaw cells can 
be activated by the discharge of a single motoneuron (Ross et al, 1975) 
and that Renshaw cells are more strongly excited by collaterals of large 
motoneurons than by small ones (Ryall et al, 1972; Pompeiano et al, 
1975). Consequently, if the Renshaw cell inhibitory action on the a- 
motoneuron pool is achieved in a size-related fashion (with the small 
diameter motoneuron being affected more than the large diameter ones), 
this complementary mechanism could have the desired selective property 
of preferentially slowing down the motor units which are already active, 
that is, those having motoneurons with smaller diameter which are 
recruited earlier and at a lower force level. 

The compound effect of the inhibition provided by the Renshaw 
recurrent inhibition and the stretch reflex inhibition interacting with the 
common drive excitation on the motoneuron pool are represented 
schematically in Figure 5.13. In this figure the thickness of the lines 
expresses the magnitude of the influence. 

This interaction between recruitment and firing rate provides an 
apparently simple strategy for providing smooth force output. Upon 
recruitment of a new motor unit it may be desirable to produce an 
increase in muscle force which is less than the minimal incremental 
contribution of the new motor unit. One way to achieve this goal is to 
decrease the firing rates of the motor units which are already active, so 
as to diminish their contribution to the total force output when the new 
motor unit is recruited. Thus, compensatory decreases of the firing rates 
of previously activated motor units will enable the muscle to produce a 
more smooth force output during recruitment. This effect becomes 
more important as the newly recruited motor units provide an increas- 
ingly stronger twitch contribution. Thus, in general, later recruited 
motor units should have a stronger effect on the firing rates of previously 
activated motor units, as may be noted in Figure 5.13. 

Interaction in Different Muscles. It is apparent that small muscles, 
such as those in the hand, are controlled by different firing rate-recruit- 
ment schemes than larger muscles such as those in the leg or arm. Smaller 
muscles recruit their motor units within 0 to 50% MVC and rely 
exclusively on firing rate increase to augment the force output between 
50 and 100% MVC. The firing rates of these muscles continuously 
increase with the force output reaching values as high as 60 pps. Larger 
muscles recruit motor units at least to 90% MVC, and possibly higher. 
Their firing rates have a relatively smaller dynamic swing, generally peak 
at 35 to 40 pps, and tend to demonstrate a plateauing effect. 

Smaller muscles rely primarily on firing rate, and larger muscles rely 
primarily on recruitment to modulate their force. For an example of this 
phenomenon, refer to Figures 5.6 and 5.11. 
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Figure 5.13. Schematic diagram describing the concept of the common drive 
and phenomenon of recruitment/firing rate interaction during a voluntary con- 
traction. In this representation the excitatory and inhibitory inputs from sources 
other than the peripheral control system are shown to act on the motoneuron 
pool as a unit. The increase or decrease in the excitation (+) to each motoneuron 
has a common origin and is interdependent. The thickness of the line indicates 
the sensitivity to a change in the state of excitation or inhibition for each 
motoneuron. The size of the motoneuron (or motor unit) is represented by the 
size of the circles. Motor unit 1 is the first recruited and motor unit rn is the last 
recruited. The stretch reflex inhibition (—) is represented by the connection S, 
and the recurrent inhibition by R. 


The inhibitory interaction between recruitment and firing rate de- 
scribed above may, in fact, explain the different behavior of the firing 
rates in muscles with notably different recruitment schemes. A newly 
recruited motor unit would decrease the firing rate of the motor units 
which are already active, and the global effect would be to prevent large 
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firing rate increases as long as recruitment occurs. This is consistent with 
the relatively high increases in firing rate observed above 70% MVC in 
the brachialis muscle (Kanosue et al, 1979) and above 50% MVC in the 
first dorsal interosseous (De Luca et al, 1982a) when recruitment is 
absent or scarce. 

The explanation for the need of these contrasting force generation 
mechanisms may be found by considering the anatomy and function of 
the muscles. In the human body, smaller muscles are generally involved 
in performing accurate movements; such movements require small in- 
cremental changes in force. In contrast, large muscles are generally 
involved in either producing large forces or in controlling posture. 

Small anatomically confined muscles have relatively few motor units; 
for example, the first dorsal interosseous contains approximately 120 
(Feinstein et al, 1955). When a new motor unit is activated, the average 
quantal force increase would be 0.8%. If recruitment were the only (or 
even principal) means by which additional force were developed, small 
muscles would be incapable of producing a smooth increasing contrac- 
tion. As force increased, the orderly addition of larger motor units would 
produce a “staircase” effect in the force output. Yet, generally the 
function of small muscles is to produce small, accurate movements 
requiring fine force-gradations. By recruiting its motor units during the 
first 50% MVC, the average quantum of force augmented by the acti- 
vation of a new motor unit is one-half the value which would have been 
increased if the recruitment range extended to 100% MVC. The force 
above the 50% MVC is generated by the highly dynamic firing rates of 
motor units in small muscles. As a secondary contribution, the highly 
dynamic firing rates also assist in smoothing the “staircase” effect. 

Large muscles have many more motor units; for example, the biceps 
brachii contains approximately 770 (Christensen, 1959). Thus, by setting 
the recruitment to span the full range of force generation, the activation 
of a new motor unit would provide an average quantal increase of 0.12%. 
Large muscles generally do not require finer force gradation to accom- 
plish their task. Thus, the firing rates of such muscles do not require 
continual regulation and do not possess the highly dynamic characteristics 
seen in smaller muscles. 

The functional requirement of the muscle, coupled with the anatomical 
constraints of it, determine the firing rate-recruitment characteristics 
which the nervous system engages to achieve the required task. It appears 
that the nervous system is configured to “balance” the contribution of 
firing rate control and recruitment control, so as to enhance the smooth- 
ness of the force output of the muscle. 


SUMMARY 


The following description emerges from the information presented in 
this chapter. 


10. 


11. 
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The firing rates of motor units are muscle dependent. In small muscles, such 
as those in the hand, the firing rates begin firing at relatively lower values 
and reach relatively higher values than those in motor units of larger limb 
muscles. In larger muscles, the firing rates tend to plateau at 20 to 25 pps, 
whereas in small muscles the firing rates have a greater dynamic swing, 
reaching values of 60 pps. 


. During strenuous and high (>70% MVC) level contractions, the firing rate 


of high threshold motor units may display an abrupt and dramatic increase. 


. In abnormal (dysfunctioned) muscles, the firing rate of motor units appears 


to behave differently than that of healthy muscles. 


. During sustained contractions, the firing rate of motor units decreases as a 


function of time. This adaptation of the firing rate is complemented by an 
increase in the twitch tension of motor units. Data suggest that these two 
phenomena are more evident in fast-twitch fibers than in slow-twitch fibers. 


. A common drive exists which modulates the firing rates of all motoneurons 


of a homonymous pool. This indicates that the nervous system does not 
control the motor units individually. 

Higher force-threshold motor units consistently have lower firing rates than 
the lower force-theshold motor units. 


. A muscle cannot generate a pure constant-force contraction in isometric 


conditions because the firing rates of the motor units are continuously 
perturbed. 

Force reversals are accomplished by an ordered progression of firing rate 
decreases. The earlier recruited motor units decrease their firing rates before 
the latter recruited motor units. 


. Motor units are recruited and decruited in an orderly progression, possibly 


according to a size principle. The decruitment occurs in the opposite order 
of recruitment. 

Modifications in the ordered progression of recruitment can be induced via 
electrical stimulation of sensory nerves. 

The recruitment scheme varies among muscles. In smaller muscles, such as 
those in the hands, most of the motor units are recruited below 50% MVC, 
whereas in larger muscles in the limb, recruitment persists up to at least 
90%, possibly 100% MVC. 

The issue of motor unit time-dependent recruitment during constant-force 
isometric contractions is unsettled. 

During force increasing contractions, newly recruited motor units have been 
observed to disfacilitate (decrease the firing rate of) previously activated 
motor units. This interaction may be explained by invoking the involvement 
of the stretch reflex and recurrent inhibition. This interaction provides a 
mechanism which enables the muscle to increase the smoothness of its force 
output. 

Smaller muscles rely primarily on firing rate, larger muscles on recruitment 
to modulate their force. It is conceivable that the nervous system is confi- 
gured to balance the contribution of the firing rate and recruitment control, 
so as to enhance the smoothness of the force output of the muscle. 


CHAPTER 6 


Conscious Control and Training of 
Motor Units and Biofeedback 


Studies of neuromuscular and spinal cord function have been growing 
increasingly complex in recent years without offering clearer answers to 
many fundamental problems. Especially confusing and fragmentary are 
theories on the influence of various cortical and subcortical areas on 
spinal motor neurons and motor units in man. It was therefore refreshing 
to be able to develop and advocate a technique that not only proved to 
be quite simple but also promised to reveal considerable fundamental 
information. Ironically, the technique was only a modification of ordinary 
electromyography. This modification consists of regarding EMG signals 
not for their own intrinsic value but as the direct mirroring of the activity 
of spinal motor neurons. Thus the group of muscle fibers in a motor 
unit is considered only as a convenient transducer that reveals the 
function of the nerve cell. _ 

Perhaps the ultimate irony is that in their classic paper establishing the 
modern era of electromyography in 1929, Adrian and Bronk suggested 
that “. .. The electrical responses in the individual muscle fibres should 
give just as accurate a measure of the nerve fibre frequency as the record 
made from the nerve itself.” Even earlier, Gasser and Newcomer (1921) 
had shown that “the electromyogram is a fairly accurate copy of the 
electroneurogram.” Perhaps as a reflection of the general turning away 
from man as an experimental animal in favor of more exotic beasts and 
preparations, no real use of these early conclusions had been made. In 
fact, the implications in Gasser and Newcomer’s work did not lead to 
any systematic use of electromyography for studying the behavior of 
individual spinal motor neurons in any species, even though a MUAP 
reflects the activity of its spinal motor neuron. 

No great progress was made until 1928 and 1929, when Adrian and 
Bronk published two classic papers on the impulses in single fibers of 
motor nerves in experimental animals and man. Their method consisted 
of cutting through all but one of the active fibers of various nerves and 
recording the action currents from that one fiber. They also succeeded 
in making records directly from the muscles supplied by such nerves. 
Somewhat incidentally, Adrian and Bronk introduced the use of concen- 
tric needle electrodes with which the activity of muscle fibers in normal 
human muscles could be recorded. Meanwhile Sherrington (1929) and 
his colleagues had crystallized their definition of a motor unit as “an 
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individual motor nerve together with the bunch of muscle-fibres it 
activates.” (Universally, later workers have also included in their defini- 
tion the cell body of the neuron from which the nerve fiber arises.) 

Although in subsequent years the concentric needle electrode was 
seized upon for extensive use, until the Second World War only a handful 
of papers appeared on the characteristics of action potentials from single 
motor units in voluntary contraction. In 1934, Olive Smith reported her 
observations on individual motor unit potentials, their general behavior, 
and their frequencies. She showed that normally there is no proper or 
inherent rhythm acting as a limiting factor in the activity of muscle 
fibers; rather, the muscle fibers in a normal motor unit simply respond 
to each impulse they receive. Confirming earlier work of Denny-Brown 
(1929) she set at rest the false hypothesis of Forbes (1922) that the muscle 
fibers or motor units were fatiguable at the rates they were called upon 
to reproduce by their nerve impulses. 

Forbes had also suggested that normal sustained contraction requires 
rotation of activity among quickly fatiguing muscle fibers. Smith proved 
that such a rotation need not occur and that an increase in contraction 
of a whole muscle involves both an increase in the firing rate of impulses 
in the individual unit and an accession of new units which are independ- 
ent in their rhythms. The rates ranged from 5 to 7 pps to 19 to 20 pps, 
although “highly irregular discharge may occur at threshold both during 
the onset of a contraction and during the last part of relaxation.” Finally, 
she proved that tonic contraction of motor units in normal mammalian 
skeletal muscle fiber, the existence of which was widely debated, does 
not exist. Three generations later, there are people in muscle research 
still not aware of her definitive studies. 

Lindsley (1935), working in the same physiology laboratory as Smith, 
determined the ultimate range of motor unit rates during normal vol- 
untary contractions. Although others must have been aware of the 
phenomenon, he seems to have been the first to emphasize that at rest 
“subjects can relax a muscle so completely that . . . no active units are 
found. Relaxation sometimes requires conscious effort and in some cases 
special training.” 

In none of his subjects was “the complete relaxation of a muscle 
difficult.” Since then, this finding has been confirmed and refined by 
hundreds of investigators, using much more sophisticated apparatus and 
techniques than those available in the early 1930s. 

Lindsley also reported that individual motor units usually began to 
respond regularly at rates of 5 to 10 pps during the weakest voluntary 
contractions possible and some could be fired as slow as 3 pps. The upper 
limit of firing rates was usually about 20 to 30 pps but occasionally was 
as high as 50 pps. Earlier, Adrian and Bronk (1928, 1929) had found 
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the same upper limit of about 50 pps for the nerve impulses in single 
fibers of the phrenic nerve and from the diaphragm of the same prepa- 
rations. 

Gilson and Mills (1940, 1941), recording from single motor units 
under voluntary control, reported that discrete, slight, and brief volun- 
tary efforts may call upon only a single potential (i.e., a single twitch) of 
a motor unit being recorded. Twenty years later, Harrison and Morten- 
sen (1962) showed that by means of surface and needle electrodes action 
potentials of single motor units could be identified and followed during 
slight voluntary contractions in tibialis anterior. Subjects provided with 
auditory and visual cues could produce “single, double and quadruple 
contractions of single motor units . . .” and in one case, “. . . the subject 
was able to demonstrate predetermined patterns of contraction in four 
of the six isolated motor units.” 

Using special indwelling wire electrodes, Basmajian (1963) confirmed 
these findings and on this basis was able to elaborate techniques for 
studying the fine control of the spinal motor neurons, especially their 
training, and the effects of volition. Later, in a series of studies, his group 
further developed and described a system of testing and of motor unit 
training. They demonstrated the existence of a very fine conscious 
control of pathways to single spinal motor neurons (Basmajian et al., 
1965). Not only can human subjects fire single neurons with no overflow 
(or perhaps more correctly, with an active suppression or inhibition of 
neighbors), but also they can produce deliberate changes in the rate of 
firing. Most persons can do this if they are provided with aural (and 
visual) cues from their muscles. Many investigators have documented the 
qualitative and quantitative aspects (for example: Simard, 1969; Zappala, 
1970; Gray, 1971la, b; Torok and Hammond, 1971; Clendenin and 
Szumski, 1971; Harrison and Koch, 1972; and others, some of whom 
are cited elsewhere in this chapter). 

Following the implantation of fine-wire electrodes and routine testing, 
a subject needs only to be given general instructions. He is asked to make 
contractions of the muscle under study while listening to and seeing the 
MUAPs on the monitors (Fig. 6.1). A period of up to 15 minutes is 
sufficient to familiarize him with the response of the apparatus to a range 
of movements and postures. 

Subjects are invariably amazed at the responsiveness of the loudspeaker 
and cathode ray tube to their slightest efforts, and they accept these as a 
new form of “proprioception” without difficulty. It is not necessary for 
subjects to have any knowledge of EMG. After getting a general expla- 
nation they need only to concentrate their attention. With encourage- 
ment and guidance, even the most naive subject is soon able to maintain 
various levels of activity in a muscle on the sensory basis provided by the 
monitors. Indeed, most of the procedures he carries out involve such 
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gentle contractions that his only awareness of them is through the 
apparatus. Following a period of orientation, the subject can be put 
through a series of tests for many hours. 

Several basic tests are employed. Since people show a considerable 
difference in their responses, adoption of a set routine earlier proved to 
be impossible. In general, however, they were required to perform a 
series of tasks. The first is to isolate and maintain the regular firing of a 
single motor unit (SMU) from among those a person can recruit and 
display with the technique described. When he has learned to suppress 
all the neighboring motor units completely, he is asked to put the unit 
under control through a series of tricks, including speeding up its rate 
of firing, slowing it down, and turning it “off’ and “on” in various set 
patterns and in response to commands. More elaborate techniques now 
used are really only controlled versions of the original methods (Basma- 
jian and Samson, 1973). Johnson (1976) has tested and fashioned meth- 
ods that meet statistical requirements more adequately. 

After acquiring good control of the first motor unit, a subject is asked 
to isolate a second with which he then learns the same tricks, then a 


Monitor oscilloscope 
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Cathode ray 
audio- amplifier 


oscilloscope 
and camera 


Figure 6.1. Diagram of arrangement of monitors and recording apparatus for 
motor unit training. (From J.V. Basmajian, ©1963, New Scientist.) 
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third, and so on. His next task is to recruit, unerringly and in isolation, 
the several units over which he has gained the best control. 

Many subjects then can be tested at greater length on any special skills 
revealed in the earlier part of their testing (for example, either an 
especially fine control of, or an ability to play tricks with, an SMU). 
Finally, the best performers can be tested on their ability to maintain the 
activity of specific MUAPs in the absence of either one or both of the 
visual and auditory feedbacks, that is the monitors are turned off and 
the subject must try to maintain or recall a well-learned unit without the 
artificial “proprioception” provided earlier. 

Lloyd and Leibrecht (1971) and Samson (1971) independently showed 
that the SMU training fulfills the requirements of the learning paradigm. 
The feedback methodology is not critical; thus, a highly artificial indi- 
cation of successful training is satisfactory to a considerable degree. 
Leibrecht et al (1973) went on to show that direct EMG feedback 
substantially improved initial learning. The nature and amount of learn- 
ing, including the ability to use proprioceptive cues in controlling an 
SMU, were not affected; neither was the retention of learning. 

Ladd et al (1972) investigated the learning process involved in the fine 
neuromotor control of SMU training which, of course, also embodies 
inhibition of motor activity. They employed trained units in five different 
muscles in 25 subjects. Voluntary inhibition, they found, is a conceptual 
type of response showing independence of the motor component; it 
generalizes and transfers positively from one muscle to another. How- 
ever, the voluntary contractions of an individual unit is a specific percep- 
tual motor type of response; the motor component of the response is 
essential, and the learned response does not generalize or transfer from 
one muscle to another. Middaugh (1976) reported that subjects are not 
relying on peripheral factors in learning, 1.e., only limited learning of 
peripheral sensory information and discrimination occurs. The finding 
by Vogt (1975) that there is little correlation between self-estimation of 
success and gross EMG levels of contraction in the forearm supports 
Middaugh’s finding for motor units. 

Any skeletal muscle may be selected. The ones most often reported 
are the abductor pollicis brevis, tibialis anterior, biceps brachii, and the 
extensors of the forearm. However, it is quite easy to train units in 
buccinator (Basmajian and Newton, 1973) and in back muscles; Sussman 
et al (1972) have trained units in the larynx while Gray (197 1a) trained 
them in the sphincter ani! 


ABILITY TO ISOLATE MOTOR UNITS 


Almost all subjects are able to produce well-isolated contractions of at 
least one motor unit, turning it off and on without any interference from 
neighboring units. Only a few people fail completely to perform this 
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basic trick. Analysis of poor and very poor performers reveals no com- 
mon characteristic that separates them from better performers. 

Many people are able to isolate and master one or two units readily; 
some can isolate and master three units, four units, even six units or 
more (Fig. 6.2). This last level of control is of the highest order, for the 
subject must be able to give an instant response to an order to produce 
contractions of a specified unit without interfering activity of neighbors; 
he also must be able to turn the unit “off” and “on” at will. The ultimate 
ability of human subjects was demonstrated by Kato and Tanji (1972a), 
who found that within 30 minutes their subjects could voluntarily isolate 
73% of 286 motor units appearing on the oscilloscope during voluntary 
contractions. 


CONTROL OF FIRING RATES AND SPECIAL RHYTHMS 


Once a person has gained control of a spinal motor neuron, it is 
possible for him to learn to vary its rate of firing. This rate can be 
deliberately changed in immediate response to a command. The lowest 
limit of the range of frequencies is zero, i.e., one can start from neuro- 
muscular silence and then give single isolated contractions at regular 
rates as low as 1/s and at increasingly faster rates. When the more able 
subjects are asked to produce special repetitive rhythms and imitations 
of drum beats, almost all are successful (some strikingly so) in producing 
subtle shades and coloring of internal rhythms. When tape-recorded and 
replayed, these rhythms provide striking proof of the fineness of the 
control. 


Figure 6.2. Eleven different motor units isolated by a subject in quick succession 
in his abductor pollicis brevis. (From J.V. Basmajian et al, ©1965, Journal of New 
Drugs.) 
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RELIANCE ON VISUAL OR AURAL FEEDBACK 


Some persons can be trained to gain control of isolated motor units to 
a level where, with both visual and aural cues shut off, they can recall 
any one of three favorite units on command and, in any sequence. They 
can keep such units firing without any conscious awareness other than 
the assurance (after the fact) that they have succeeded. In spite of 
considerable introspection, they cannot explain their success except to 
state they “thought about” a motor unit as they had seen and heard it 
previously. This type of training probably underlies ordinary motor 
skills. 


VARIABLES WHICH MIGHT AFFECT PERFORMANCE 


Tanji and Kato (1971) found that cortical motor potential related to 
the discharge of an SMU is about the same size as that related to the 
contraction of whole muscles (e.g., as in key pressing). This led to their 
obvious conclusion that cerebral mechanisms are involved in an impor- 
tant manner in conscious isolation of individual motor units; they later 
consolidated these views with more specific tests (Kato and Tanji, 1972b; 
Tanji and Kato, 1973a,b). However, McLeod and Thysell (1973) did 
not agree; their studies of evoked EEG potentials revealed no true 
response in the sensorimotor areas that can be related to single motor 
unit activity. Intensive research is needed to resolve the question. 

No personal characteristics that reveal reasons for the quality of 
performance have been found (Basmajian et al, 1965). The best perform- 
ers occur at different ages, among both sexes, and among both the 
manually skilled and unskilled, the educated and uneducated, and the 
bright and the dull personalities. Some “nervous” persons do not perform 
well—but neither do some very calm persons. 

Carlsoo and Edfeldt (1963) concluded that: “Proprioception can be 
assisted greatly by exeroceptive auxiliary stimuli in achieving motor 
precision.” Nevertheless, Wagman et al (1965), using both Basmajian’s 
technique and a technique of recording devised by Pierce and Wagman 
(1964), emphasize the role of proprioception. They stress their finding 
that subjects believe that certain positions of a joint must be either held 
or imagined for success in activating desired motor units in isolation. 

Investigations of the various factors which affect motor unit training 
and control have added interesting features (Simard and Basmajian, 
1967; Basmajian and Simard, 1967; Simard, Basmajian and Janda, 1968). 
They revealed that moving a neighboring joint while a motor unit is 
firing is a distracting influence but most subjects can keep right on doing 
it in spite of the distraction. This tends to agree with Wagman and his 
colleagues who believe that subjects require SMU training before they 
can fire isolated specific motor units with the limb or joints in varying 
positions. Their subjects reported that “activation depended on recall of 
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the original position and contraction effort necessary for activation.” 
This apparently is a form of proprioceptive memory and almost certainly 
is integrated in the spinal cord. 

Observations based on trained units in the tibialis anterior of 32 young 
adults showed that SMU activity under conscious control can be easily 
maintained despite the distraction produced by voluntary movements 
elsewhere in the body—head and neck, upper limbs and contralateral 
limb (Simard and Basmajian, 1967). The control of isolation and the 
control of the easiest and fastest frequencies of discharge of a single 
motor unit were not affected by those movements (Fig. 6.3). 

Turning to the effect of movements of the same limb, Basmajian’s 
group found that in some persons a motor unit can be trained to remain 
active in isolation at different positions of a “proximal” (i.e., hip or knee), 
“crossed” (ankle), and “distal” joint of a limb (Fig. 6.4). This is a step 
beyond Wagman et al (1965), who observed that a small change in 
position brings different motor units into action. Consequently they 
noted the important influence of the sense of position on the motor 
response. Later investigations by Simard and Basmajian showed that in 
order to maintain or recall a motor unit at different positions, the subject 


Figure 6.3. Samples of (a) the easiest and (6) the fastest rate of discharge of a 
motor unit in the right tibialis anterior during movements of the contralateral 
limb (time mark: 10 ms intervals). (From J.V. Basmajian and T.G. Simard, ©1967, 
American Journal of Physical Medicine.) 
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Figure 6.4. Controlled MUAP at different “held” positions of the right lower 
limb: a, neutral; 5, in lateral rotation at the hip; c, in medial rotation at the hip; 
d, dorsiflexion of the ankle; e, plantarflexion; f, toes extended. (Calibration: 100 
uV, 100 ms intervals.) (From J.V. Basmajian and T.G. Simard, ©1967, American 
Journal of Physical Medicine.) 


must keep the motor unit active during the performance of the move- 
ments and, therefore, preliminary training is undeniably necessary. 

The control of the maintenance of activity during “proximal,” “crossed,” 
and “distal” joint movements in the same limb has been proved here to 
be possible, provided that the technique of assistance offered by the 
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trainer is adequate. The control over the discharge of a motor unit 
during proximal and distal joint movements requires a great concentra- 
tion on the motor activity. But when one considers the same control 
during a “crossed” joint movement, there are even greater difficulties 
for obvious reasons. 

The observation that trained motor units can be activated at different 
positions of a joint is related to the work of Boyd and Roberts (1953). 
They suggested that there are slowly adaptive end organs of propriocep- 
tion which are active during movements of a limb. They observed that 
the common sustained discharge of the end organs in movements lasted 
for several seconds after attainment of a new position. This might explain 
why a trained single motor unit’s activity can be maintained during 
movements. 

Lloyd and Shurley (1976) studied the hypodynamic effects of sensory 
isolation on single motor units recorded through wire electrodes in 40 
normal subjects. A light panel indicated the trial onset, correct, and 
incorrect response. Isolation condition was produced by an air-fluidized, 
ceramic-bead bed in a light and sound attenuating chamber. A relearning 
session followed the initial session after a 2-week interim rest. Subjects 
were randomly assigned to the isolation or nonisolation condition for 
both sessions. The hypodynamic effects of sensory isolation increased 
the speed of learning to isolate and control an SMU. The results sug- 
gested that subjects were better able to attend to the relatively weak 
proprioceptive information provided by the SMU through the reduction 
of the amount and/or variety of competing stimuli. 


The Level of Activity of Synergistic Muscles 


The problem of what happens to the synergistic muscles at the “hold” 
position or during movements of a limb has been taken into consideration 
only in a preliminary way. The level of activity appears to be individual- 
istic. Active inhibition of synergists is learned only after training of the 
motor unit in the prime mover is well established. Basmajian and Simard 
(1967) clearly demonstrated that as the subject focuses his attention on 
feedback from an SMU in one muscle (tibialis anterior), the surrounding 
muscles become progressively relaxed to the point of complete silence 
when isolation of the SMU is complete. Only such motor units in a limb 
as are needed to maintain its particular posture are still active. The 
process of “active inhibition,” probably the more dramatic element of 
motor unit training, is thus achieved. 


Influence of Manual Skills 
Although the earlier studies failed to reveal any correlation between 
the abilities of subjects to isolate individual motor units and the variable 
of athletic or musical ability, a systematic study by Scully and Basmajian 
(1969) cast some light on the matter. They used the base time required 
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to train motor units in one of the hand muscles as the criterion. Surpris- 
ingly, the time required to train most of the manually skilled subjects 
was above the median. 

Henderson’s (1952) work offers an explanation: the constant repetition 
of a specific motor skill increases the probability of its correct recurrence 
by the learning and consolidation of an optimal anticipatory tension. 
Perhaps this depends on an increase in the background activity of the 7- 
motoneurons regulating the sensitivity of the muscle spindles used in 
performing the skill. Wilkins (1964) postulated that the acquisition of a 
new motor skill leads to the learning of a certain “position memory” for 
it. If anticipatory tensions and position memory, or both, are learned, 
spinal mechanisms may be acting temporarily to block the initial learning 
of a new skill. Perhaps some neuromuscular pathways acquire a habit of 
responding in certain ways and then that habit must be broken so that a 
new skill may be learned. The “unstructured” nature of learning a motor 
unit skill would make this mechanism even more likely (Basmajian, 1972). 


Influence of Age and Gender 


Although the training of fine control of individual units is complicated 
when children are involved, it is possible in children even below the age 
of 6 years (Fruhling et al, 1969). Simard and Ladd (1969) and Simard 
(1969) have further documented the factors involved. 

Zappala (1970) found only minor gender differences in the ability to 
isolate SMUs; males showed some superiority. In a different type of 
experiment, Harrison and Koch (1972) and Petajan and Jarcho (1975) 
found the opposite, but again the differences were not impressive. 


Influence of Competing Electrical Stimulation 


Any changes in the action potentials of trained motor units as a result 
of electrical stimulation of the motor nerve supplying the whole muscle 
must reflect neurophysiologic changes of the single neuron supplying 
the motor unit. Therefore, Scully and Basmajian (1969) investigated the 
influence of causing strong contractions in a muscle to compete with a 
discrete SMU in it which was being driven consciously. Each of a series 
of subjects sat with his forearm resting comfortably on a table top. The 
stimulator cathode was applied to the region of the ulnar nerve above 
the elbow. The effective stimuli were 0.1-ms square-wave pulses of 70 to 
100 V, delivered at a frequency of 90 pulses/min. Because stimuli of this 
order are not maximal, all axons in the ulnar nerve were not shocked, 
and slight variation must have existed in axons actually stimulated by 
each successive shock. 

Contrary to expectation, when the massive contraction of a muscle 
was superimposed on the contraction of only one of its motor units, the 
regular. conscious firing of that SMU was not significantly changed. 
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These experiments leave little if any doubt that well-trained motor units 
are not blocked in most persons. Even the coinciding of the MUAP with 
elements of the electrically induced massive contraction would not abol- 
ish the SMU potential. 
Influence of Cold 

Brief cutaneous applications of ice over the biceps brachii in which an 
isolated motor unit had been trained elicited facilitation of both back- 
ground activity and spontaneous activation of the trained SMUs (Clen- 
denin and Szumski, 1971). Wolf, Letbetter and Basmajian (1976) con- 
firmed this finding, using a special electronic cooling device (Wolf and 
Basmajian, 1973). Seventeen subjects discharging SMUs at a comfortable 
resting rate (5.2 + 0.9 pps) tended to get an inhibitory response in the 
initial minute of cooling. Most subjects (13 of 18) who held SMU 
discharges to 0.5 pps first got an increase, and then a significant decrease. 
Apparently the central excitatory state is the mediator of these local 
motor reactions to cutaneous cooling. 

Effects of Handedness and Retesting 

When a large number of subjects were studied on two occasions using 
a different hand each time, Powers (1969) found that they always isolated 
a unit more quickly in the second hand. Isolation was twice as rapid 
when the second hand was the preferred (dominant) hand; it was almost 
five times as rapid when the second hand was the nonpreferred one. The 
time required to control a previously isolated unit was shortened signifi- 
cantly only when the preferred hand was the second hand. However, in 
a test-retest situation with much fewer subjects, Harrison and Koch 
(1972) found no significant improvement from test to retest. 


Influence of Disease States 

While Basmajian has found that partially paralyzed people can learn 
SMU controls quite easily, the factor of spasticity introduces considerable 
difficulty. In clinical studies, one can overcome these difficulties by 
carefully training the patient to relax spastic muscles. Parkinsonian 
rigidity seems to be a different matter. Petajan and Jarcho (1975) 
reported that patients with Parkinson’s disease are unable to adjust the 
firing rate of motor units that initiate contraction from zero to higher 
rates. Although the frequency modulation is not normal, motor units 
recruit in an orderly fashion. Levodopa treatment restores normal con- 
trol of SMUs. 


REACTION TIME STUDIES 


A number of investigators have used trained SMUs for psychological 
testing of reaction time (RT). Thus, Sutton and Kimm (1969, 1970) and 
Kimm and Sutton (1973) have shown stable differences in the RT in 
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triceps and biceps brachii and a slowing of RT following the intake of 
alcohol. Generally, they concluded that SMU spike RTs were slower 
than that obtained from the gross EMG signals and lever-press RTs. But 
Thysell (1969) disagrees, finding them to be comparable and rather like 
those of Luschei et al (1967). Furthermore, Vanderstoep (1971) ques- 
tions the finding of inherent differences between muscles when the RT 
paradigm is used with triceps, biceps, the first dorsal interosseus, and the 
abductor pollicis brevis. Zernicke and Waterland (1972), on the other 
hand, were able to show differences between the two heads of biceps 
brachii. The short head contains motor units that are easier to control 
than those in the long head. They related this to various morphological 
and functional requirements of the two heads (e.g., the density of muscle 
spindles is greater in the short head). The willful fractionization of 
control between two heads of the same muscle, not entirely unexpected 
in view of the fineness of willful controls involved in SMU control, once 
more underlines the discrete nature of controls over the spinal motoneu- 
rons. 


PRACTICAL APPLICATIONS 


Many applications are emerging for the use of motor unit training, 
e.g., in the control of myoelectric prostheses and orthoses, in neurological 
studies, and in psychology. The growth of the field of “biofeedback” 
from this work is the subject of a separate book (Basmajian, 1983). 
Therefore, only a brief outline is given in the remainder of this chapter 
as it applies to myoelectric biofeedback only, employing the EMG of a 
much grosser nature than SMU potentials—although the feedback prin- 
ciples controlling them are common to both. 


EMG BIOFEEDBACK 


Relaxation. Following confirmation of early studies of the single motor 
unit principles, Green et al (1969, 1970) rapidly extended biofeedback 
work into the clinical investigation of the effects of feedback relaxation. 
They combined this with other forms of electronic feedback and applied 
the results to a variety of general and local tension states believed to be 
the cause of pathological physiology. Simultaneously, Gaarder (1971) 
was exploring practical means to control relaxation in patients with 
feedback devices. 

Hoping to determine whether an ability to produce EMG patterns 
accurately reflects the ability to achieve specific muscle tensions, Rummel 
(1974) studied a long series of normal subjects. She was amazed to find 
no statistically significant correlation. Schwartz et al (1976a, b), on the 
other hand, revealed patterns of covert activity in facial muscles that 
could be graded and correlated to states of affective imagery and mood. 
Earlier, Smith (1973) had found a positive correlation between person- 
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ality traits of anxiety and EMG activity from the region of the forehead. 
This finding disagreed with the earlier work of Iris Balshan Goldstein 
(1962), but it must be remembered that Smith’s forehead electrodes 
often pick up from a wide area (down to the clavicles). Similar findings 
were reported for the muscles of the jaw by Thomas et al (1973) in 
explaining temporomandibular joint syndrome. Chapman (1974) showed 
that EMG activity from the forehead reflected even the fact that the 
subjects were not alone but were in an audience (i.e., in a social facilitation 
setting). Biofeedback appears to be superior to verbal feedback in induc- 
ing relaxation, at least in the research models used by Kinsman et al 
(1975) and Coursey (1975), but Alexander (1975) disagreed on the basis 
of his research. 


PSYCHOPHYSIOLOGICAL MECHANISMS 


The question continues to arise: Is biofeedback training based on 
volition or is it operant conditioning? Hefferline and Perera (1963), in 
their continuing search for the effect of proprioception in behavior, 
showed that subjects could be conditioned to respond to covert twitches 
in a thumb muscle (displayed by EMG). After the EMG feedback was 
eliminated, the response often persisted. By coincidence the muscle used 
(abductor pollicis brevis) was the same as the one used in the early 
experiments on SMU training (Basmajian, 1963). Instead of asking the 
subject to shape the behavior of the EMG signal within the target muscle, 
Hefferline and Perera conditioned him to press a key using another 
muscle. Their system was based on the operant conditioning paradigm. 
Fetz and Finocchio (1971) were able to condition awake monkeys to give 
bursts of cortical cell activity with and without simultaneous suppression 
of EMG activity in specifically targeted arm muscles. Operant condition- 
ing methodologies proved sufficient to bring about the correlated re- 
sponse. 

In man, Germana (1969) demonstrated quite adequately and not 
surprisingly that conditioning may be employed in modifying EMG 
responses; perhaps more importantly, his work has tended to support 
“cardiac-somatic coupling,” with which Obrist and various colleagues 
have been concerned (see Obrist, 1968). Cohen and Johnson (1971) 
found a high correlation between heart rate and muscular activity, 
supporting Obrist’s theoretical position. Subtle changes in muscular 
activity did change heart rate both when subjects were intentionally 
modifying muscular activity as well as when spontaneous changes were 
occurring. 

Refining his techniques, Cohen (1973) soon after showed a relationship 
only in subject groups that had a moderately high EMG output from 
skin electrodes over the muscles of the chin; lower EMG outputs seemed 
unrelated to heart rate changes; thus the “cardiac-somatic coupling” is 
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not absolute, and mechanisms must exist in the central nervous system 
for separating cardiac and peripheral motor responses. Other autonomic 
functions have been linked with covert motor responses; thus, Simpson 
and Climan (1971) have shown that there is some apparent effect of 
muscular activity on the pupil size during an “imagery” task in which 
subjects generated images in response to words. 


GENERAL RELAXATION (CONTINUED) 


In the 1920s and 1930s, Edmund Jacobson of Chicago became the 
enthusiastic proponent of a clinical form of EMG monitoring of his 
patients’ progress during relaxation training. Limited by the apparatus 
available at the time, Jacobson developed methods of electrical measure- 
ment of the muscular state of tension and employed his measurements 
to induce progressive somatic relaxation for a variety of psychoneurotic 
syndromes (Jacobson, 1929, 1933). Green et al (1969) and Gaarder 
(1971), using a modification of the SMU training technique, found that 
EMG biofeedback training would be useful in many states. Mathews and 
Gelder (1969) studied the effect of relaxation training with phobic 
patients, showing that the EMG (among other parameters) was altered 
during relaxation and concluding that relaxation is in some way associ- 
ated with a controlled decrease in “arousal level” with retention of 
consciousness. Paul (1969) compared hypnotic suggestion and brief 
relaxation training, showing the superiority of the latter in reducing 
subjective tension and distress. Wilson and Wilson (1970), while agreeing 
that muscle tension could be manipulated by feedback and conditioning, 
were much less sure of the desirable effects of relaxation. Dixon and 
Dickel (1967), Jacobs and Felton (1969), Whatmore and Kohli (1968), 
and Budzynski and Stoyva (1969) also contributed to the literature of 
EMG biofeedback in relation to general clinical disorders, especially 
tension headache. 

Chronic anxiety is often reflected in overactivity in the general body 
musculature. Townsend et al (1975) compared treatment of chronic 
anxiety with EMG biofeedback to treatment with group therapy in a 
control group. Significant improvements resulted, as they did in a study 
by Canter et al (1975) in which they compared biofeedback with Jacob- 
sonian progressive relaxation. While the latter was effective, the biofeed- 
back approach proved superior in reducing both muscular tension and 
chronic anxiety. 

Dental specialists are increasingly enthusiastic about the new treatment 
of the common and distressingly painful jaw pain (temporomandibular 
joint syndrome) caused by over-active use of muscles that are normally 
relaxed or only lightly contracted. Myoelectric biofeedback training 
involves making the patient aware of hyperactivity in the masseter muscle 
and then training local relaxation of the muscle (Carlsson et al, 1975). 
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Speech Apparatus and EMG Feedback 


As noted in the earlier editions of this book, Hardyck et al (1966) 
were among the first to modify the lessons of SMU training to applied 
biofeedback of useful function. Using feedback from surface EMG of 
the laryngeal muscles during silent reading, they were able to accelerate 
the reading skills of slow readers. Simultaneously McGuigan and various 
associates at Hollins College, Virginia were studying the covert oral 
language behavior as measured by surface EMG of chin muscles (Mc- 
Guigan, 1966, 1970; McGuigan and Rodier, 1968). Inouye and Shimizu 
(1970) examined the hypothesis that verbal hallucination is an expression 
of so-called “inner speech.” 

The Czech investigators Bastecky et al (1968a, b), using delayed 
auditory speech feedback and EMG of mimic muscles (primarily mentalis 
at the chin), found that schizophrenic patients could be differentiated 
from normal subjects. This area of research, now in its infancy, requires 
a great deal of investigation. Thus, Sussman et al (1972) have shown that 
individual units in the laryngeal muscles can be trained. The same group 
(Hanson et al, 1971; MacNeilage et al, 1972; MacNeilage and Szabo, 
1972; and MacNeilage, 1973) have systematically exposed mechanisms 
of fine control of the laryngeal function which should have far reaching 
use. 

Stuttering has been the special concern of Barry Guitar (1975). He 
taught stutterers to reduce resting EMG activity in the lips and in the 
laynx. With myoelectric biofeedback through fine-wire electrodes in the 
lips and buccinator muscles of the cheek, clarinet players can quickly 
revise the localized activities in bizarre ways without losing the ability to 
perform (Basmajian and Newton, 1973). Also trumpet and trombone 
players have different natural patterns that vary with proficiency and 
that can be altered with EMG feedback (Basmajian and White, 1973; 
White and Basmajian, 1973). 


TARGETED MUSCLE RETRAINING AND REHABILITATION 


Ladd and Simard (1972), building on earlier work on SMU training, 
trained and studied congenitally malformed children with the aim of 
using the limited sources of muscle power for myoelectric and other 
types of artificial limbs and orthoses. Payton and Kelley (1972) explored 
the factors controlling biceps brachii and deltoid during performance of 
skilled tasks in a way that lends itself to feedback training. 

Practical approaches with practical biofeedback instruments became a 
reality with commercial equipment being marketed. Booker et al (1969) 
demonstrated retraining methods for patients with various neuromus- 
cular conditions, and Johnson and Garton (1973) succeeded with hemi- 
plegic patients in retraining functions of the upper and lower limbs 
where other methods proved inadequate. What has been surprising to 
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many people is the ease with which ordinary patients “take to” the 
feedback signals and learn to manipulate them by acquiring more precise 
control over the muscles requiring training or recruitment. 

This book is not the place for details of how EMG biofeedback may 
be used in rehabilitation. The topic has been covered thoroughly in 
Biofeedback: Principles and Practice for Clinicians, 2nd Edition, 1983. 


RELATED PSYCHOLOGICAL RESEARCH 


Since the valuable start given to it by the Montreal group in the early 
1950s (see Malmo et al, 1951; Malmo and Smith, 1955), a sort of 
electromyographic subculture has existed in the psychological literature. 

Following up a previous investigation of limb positioning with kines- 
thetic cues (Lloyd and Caldwell, 1965), Lloyd (1968) found no statistically 
significant relationship between position accuracy and the amount of 
contralateral activity as measured by EMG techniques, but there was no 
doubt that such activity exists at a low level, especially during passive 
movement of the ipsilateral limb. Lloyd concluded that a minimal level 
of activity was required for kinesthetic mediation of accurate limb 
position. It was this work that led Lloyd and his colleagues to study SMU 
responses (cited earlier in this chapter). 

Wiesendanger et al (1969) measured simple and complex reaction 
times with the EMG signal of biceps and triceps. While their chief concern 
was to find differences between normal persons and patients with parkin- 
sonism—there were none in the simple tasks—they showed that the 
normal reciprocal inhibition of antagonists was modified in different 
ways, with biceps activity always being present (see the general discussion 
of agonist-antagonist behavior). Bartoshuk and Kaswick (1966) had 
shown earlier that general arousal level may not be necessary to produce 
EMG gradients; instead, selective facilitation may be sufficient. 

The influence of environmental and emotional factors on EMG activity 
is gaining widespread interest. A good example of this type of study is 
that of Lukas et al (1970), who recorded the effect of sonic booms and 
noise from subsonic jet flyovers on skeletal muscle tension (in the trape- 
zius muscle) as well as other parameters. The EMG activity increased 
with sonic booms with lesser effect from the flyover noise. 

Phasic changes in muscular and reflex activity during non-REM sleep 
were demonstrated in man and cats by Pivik and Dement (1970). The 
suppression of EMG activity from surface electrodes in the submental 
(chin) area was observed in all subjects during non-REM sleep but 
occurred with the greatest frequency during sleep stages 2 and 4. The 
suppressions averaged 4 minute in duration and exhibited a higher 
frequency in the 10 minutes prior to the REM period than after. Larson 
and Foulkes (1969) confirmed that EMG suppression in chin and neck 
muscles heralds REM sleep onset. The amount of EMG activity during 
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non-REM sleep just prior to being awakened influences the recall fre- 
quency of dreams. 

Pishkin and Shurley (1968) and Pishkin et al (1968) demonstrated a 
positive correlation between EMG responses and concept-identification 
performance which produces cognitive stress. About the same time, 
Aarons (1968) was exploring possible diurnal variations of myopotentials 
and word associations related to psychological orientation. Word-associ- 
ation tests revealed qualitative differences among responses before sleep, 
upon awaking, and at noon. Some differences were related to psycholog- 
ical test variables (kinesthetic orientation, “need for change,” and anxi- 
ety); the other influences were the time of the tests and, apparently, the 
intensity of EMG response. EMG levels during sleep correlated highly 
with electroencephalographic sleep stages. 

This brings us back to a group of studies on the effects of stress and 
anxiety on the EMG, first adequately investigated by Goldstein (1962). 
Brandt and Fenz (1969) showed a peak of forehead EMG activity in 
conditions of induced mild stress, suggesting it might reflect inhibitory 
control. Incidentally, they questioned the specificity of the forehead 
source as the ideal one for such experiments—and well they might, for 
with intramuscular wire electrodes the frontalis and corrugator supercilii 
are silent unless the face shows clear emotive responses (Vitti and 
Basmajian, 1973). Fridlund et al (1980, 1982) concluded that the general 
tension factor reflects agitation more than elevated tonic muscle activity. 

Searching for a suitable muscle for stress-EMG studies, Yemm (1969a, 
b) of Bristol, England, concentrated on the masseter—not surprisingly, 
for he is a dental scientist. He found an increase in masseter EMG activity 
during the stress of cognitive manual task performances in this postural 
muscle of the jaw. With patients who have temporomandibular dysfunc- 
tion, the EMG responses persisted abnormally long (Yemm, 1969c). 

The use of muscles active in maintaining human posture has other 
advocates. Thus, Avni and Chaco (1972) used the EMG activity of 
supraspinatus muscle (which is described elsewhere in this book in its 
shoulder-posture role). Reasoning from earlier work (Basmajian, 1961, 
Basmajian and Bazant, 1969) that drooping of the shoulder should 
influence supraspinatus activity, they studied a series of depressed pa- 
tients. While normal controls showed normal antigravity reflex activity, 
depressed patients all showed significant decrease while they were de- 
pressed but recovered the normal pattern on recovery from depression. 


NOTES ON TECHNIQUE 


The use by Avni and Chaco and by Yemm of postural muscles (noted 
above) rather than surface EMG of chin and forehead raises the general 
question of appropriate methods for EMG studies of tension. Unques- 
tionably, some of the techniques employed by investigators naive in 
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electromyography have been less than acceptable. Most EMG activity 
from the submental region would appear to reflect the frequency of 
swallowing—which, of course, may be a good criterion of tension. (For 
swallowing EMGs, see Chapter 19.) As noted before, forehead EMG 
work also may be questionable, although obvious facial mimicry often 
represents inner states and so, ina distressed person, may be a satisfactory 
source of EMG signals. 

In the hands of experts good surface EMG is quite adequate for tension 
studies. Bruno et al (1970) and Kahn (1971) have even demonstrated its 
usefulness for precise identification of signals. But the factors affecting 
the reliability of surface EMG signals are many and appear to be ignored 
by many psychologists; they ought to read and reread the paper by 
Grossman and Weiner (1966) as well as the details in Chapter 2 in this 
book. 

The foregoing facts mean that to be useful in biofeedback practice, 
integrated rectified EMG signals from the forehead or frontal region 
need not come from frontalis muscle. Indeed, a wide source of myopo- 
tentials is much to be preferred as a reflection of general nervous tension. 
But we should admit that (1) wide-source myopotentials are not “frontalis 
EMG” and (2) the numbers of “microvolts” produced on the meter of a 
commercial device or any other device simply indicate a microvolt 
reading at the input of the device. The integrated rectified EMG signal 
from forehead surface electrodes generally reflects the total or global 
EMG of all sorts of repeated dynamic muscular activities down to about 
the first rib—along with some postural activity and nervous tension 
overactivity. The exact meter readouts can be taken with a grain of salt 
by the knowledgeable electromyographer at the same time that he is 
deliberately and wisely using them as (1) a rough indicator of progress 
in a clinical relaxation training program and (2) a visual placebo in 
reinforcing the patients’ responses. Any higher level of reliance on such 
inflated numbers is self-deception (Basmajian, 1976). 


CHAPTER / 


EMG Signal Amplitude and Force 


The surface EMG signal may be conveniently detected with minimal 
insult to the subject. For this reason it has become very useful in many 
applications which require an assessment of the muscular effort. The 
reader is referred to the material in Chapter 2, which addresses the 
details of this issue. 

A considerable controversy exists concerning the description of this 
relationship. Early theoretical studies (Person and Libkind, 1967; 
Bernshtein, 1967; Moore, 1967; Libkind, 1968 and 1969) all suggested 
that, for isometric contractions, the amplitude of the EMG signal should 
increase as the square root of force generated by the muscle when the 
motor units are activated independently. These studies were instrumen- 
tal in generating interest in providing a more structured approach to the 
interpretation of the EMG signal-force relationship. It is now clear that 
the assumptions and approximations which were made were simply too 
generous. The reader is referred to the relationships and associations 
between the EMG signal, as a function of force and time, with known 
physiological correlates displayed in Figure 3.9. In those expressions it 
is apparent that the relationship is complex. In fact, surprisingly few 
experimental results support the square root relationship. Almost with- 
out exception, investigators report either linear relationships or a more 
than linear increase of the EMG signal with increasing force. 


RELATIONSHIP DURING ISOMETRIC CONTRACTIONS 
Monotonically Increasing Contractions 

Table 7.1 provides a sample of the studies relating to this issue which 
have been reported in the literature between 1952 and 1979. No attempt 
has been made to include all the published reports. The contents of the 
table were designed to represent the wide variety in and disparity among 
the wealth of studies which have been performed. These investigations 
are characterized by considerable variability in the muscles examined, 
the types of contractions performed, and the quantities derived from the 
raw data to represent the amplitude of the EMG signal. 

Beyond the obvious disparities among the reported studies, it is nec- 
essary to consider particulars which are specific to the muscle or muscle 
group which is involved in the force generation process. For example, 
(a) Relatively small muscles, such as those in the hand, and relatively 
large muscles in the limbs are controlled by different firing rate-recruit- 
ment schemes. For additional details on this point, the reader is referred 
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to Chapter 5. (b) The degree of synergistic action of muscle groups is 
influenced by the relative spatial orientation of individual muscles. (c) 
Varying amounts of cocontraction among antagonist muscle groups may 
bias the recorded signals attributed to individual muscles. It is conceiv- 
able that any or all of these factors, as well as others, could contribute 
deterministically to the EMG signal-force relationship. 

In addition, variability in detection and data processing techniques 
may explain some of the inconsistencies which have been reported for 
specific muscles. The reader is referred to the discussion presented in 
Chapter 2 which directly addresses the essential technical issues. A review 
of the reported literature reveals that no consensus has existed on a 
specific anatomical detection site on the surface muscle from which to 
detect the signal. All imaginable types of electrodes have been used 
(including surface, indwelling needle, and wire electrodes) in both the 
monopolar and bipolar combination. High input impedance amplifiers, 
employing modern FET-technology eliminate the need to reduce and 
monitor skin impedance. However, past investigators did not have this 
benefit and used a variety of methods to prepare the skin. Amplifiers 
and filter specifications influence the final form of the processed EMG 
signal, and the specifications which have been used have not been 
consistent. 

There has not been any consistent usage of one parameter measure of 
the amplitude. This search for a better or different parameter has, to 
some extent, reflected the lack of universal agreement on which param- 
eter to use, as well as technological developments in electronics which 
have facilitated the necessary signal processing. Parameters which have 
been used include the smooth rectified amplitude (Stephens and Taylor, 
1972), mean rectified amplitude (Milner-Brown and Stein, 1975), root- 
mean-squared amplitude (Stulen and De Luca, 1978), and several ver- 
sions of integrated amplitude (Inman et al, 1952; Komi and Buskirk, 
1970; Bouisset and Goubel, 1971; and several others). The distinction 
and limitations of each of these parameters are discussed and compared 
in Chapter 3. 

The great physiological and technological variability so far described 
has made comparison and reproducibility of experimental results ex- 
tremely difficult. Beyond these methodological inconsistencies, a general 
representation of the system output variables, i.e., the signal amplitude 
and force level, should contain a formulation which allows for valid 
comparisons between different muscles and individuals, and for retrials 
on the same subject. This formulation may be realized by normalizing 
these variables with respect to some convenient and referable quantities, 
such as their maximal values in a particular experimental procedure. 
The absence of normalization often constitutes a deficiency in many 
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reported investigations which have compared or averaged groups of 
subjects. 

In the remainder of this chapter we will consider only the character- 
istics of EMG signals detected with surface electrodes. It has been shown 
that the intrasubject variability of the signal is much greater when it is 
detected with indwelling, rather than surface, electrodes (refer to Fig. 
3.12 for an example). 

A direct comparison of the relationship between the EMG signal and 
force ouput has been reported by Lawrence and De Luca (1983). This 
study investigated the following aspects: (1) Whether the normalized 
surface-detected EMG signal amplitude vs. normalized force relationship 
varies in different muscles; (2) whether the relationship is dependent on 
exercise level; and (3) how much variability exists among the same 
muscles of different individuals. The data was obtained from the biceps 
brachii, deltoid, and first dorsal interosseous of accomplished pianists, 
world-class long distance swimmers, world-class power lifters, and normal 
subjects during voluntary isometric linearly force-varying contractions. 

The signal was detected with two surface electrodes (3 mm in diameter) 
whose centers were spaced 2 cm apart. The electrodes were oriented 
parallel to the muscle fibers, and in the case of the deltoid and biceps 
brachii, the electrode pair was located between the innervation zone and 
tendinous insertion. The root-mean-squared value of the signal ampli- 
tude was used as the variant parameter because, as has been explained 
in Chapter 3, it is the parameter which more completely reflects the 
physiological correlates of the motor unit behavior during a muscle 
contraction. 

Figure 7.1 presents the average value of the EMG signal-force data of 
the three muscles. Each of these three sets of data were obtained from 
13 subjects. Each subject performed several contractions. The total 
number of contractions for each set of data is indicated in the figure. 
The standard deviation is not indicated because of the visual complexity 
that would result from the overlap. The standard deviation was generally 
25% of the mean value and remained essentially constant over the entire 
force range. It is apparent that in the case of the first dorsal interosseous, 
the relationship is quasilinear. A polynomial regression analysis would 
reveal that a second order (nonlinear) polynomial would only improve 
the fit by 2 or 3%. Thus, for practical purposes it is safe to consider it as 
linear. No such claim may be made for the curves of the deltoid and 
biceps brachii data. They are nonlinear, with signal amplitude increasing 
more than the force. 

Comparable measurements on small and large muscles have been 
reported (Clamann and Broecker, 1979; Woods and Bigland-Ritchie, 
1983). The first group observed the relationship between the smooth- 
ened rectified amplitude of the signal from the triceps brachii, biceps 
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Figure 7.1. Effect of muscle on the EMG signal-force relationship. N represents 
the number of contractions averaged for each muscle. Each set of data was 
obtained from 13 subjects. (From J.H. Lawrence and C.J. De Luca, © 1983, 
Journal of Applied Physiology.) 


brachii, adductor pollicis, and first dorsal interosseous muscles. The 
second group observed the relationship between the highly smoothened 
integrated rectified amplitude of the signal from the biceps brachii, 
triceps brachii, adductor pollicis, and soleus muscles. 

Although the methodology was somewhat dissimilar among the three 
considered studies, one point is strikingly clear. The signal amplitude 
force output relationship for the small hand muscles, the first dorsal 
interosseous, and the adductor pollicis was always found to be quasilinear, 
whereas in the larger muscles, the biceps brachii, triceps brachii, deltoid, 
and soleus, the relationship was almost unanimously nonlinear. The only 
exception was the data for the biceps brachii from Clamann and Broeck- 
er’s study: it presented a quasilinear relationship. This anomaly should 
serve as a reminder that even among well-executed studies, it is difficult 
to compare the data because the detected signal is a function of the 
detection procedure as well as the physiological events. 

This distinction in the behavior of the signal-force relationship finds 
considerable support among the studies listed in the accompanying table. 
The pattern also appears to be unaltered with rigorous but diverse 
training regimens, as may be seen in Figure 7.2. These data implicitly 
indicate that considerable differences in fiber-type constituency do not 
significantly affect the relationship of the normalized signal amplitude 
and force output. This indirect association is based on the well-docu- 
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Figure 7.2. Effect of rigorous training regimens on the EMG signal-force rela- 
tionship in three different muscles. Standard deviations of the raw data are 
indicated by the shaded area in the top graph. N represents the number of 
contractions that were averaged to obtain the plotted curves. The data was 
obtained from 13 subjects. (From J.H. Lawrence and C.J. De Luca, 1983, © 
Journal of Applied Physiology.) 
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mented fact that elite long distance swimmers have considerably different 
fiber-type composition in the upper limb musculature than do elite 
powerlifters (Gollnick et al, 1973). 

The distinction in the signal amplitude-force curves remains when the 
force is generated at different rates ranging from 10% MCV/s to 40% 
MCV/s (see Fig. 7.3 for details). 

A variety of phenomena that may contribute to the muscle-dependent 
difference in the EMG signal-force relationship can be identified. Some 
of them are: (a) motor unit recruitment and firing rate properties; (5) 
relative location of fast twitch fibers within a muscle and with respect to 
the detection electrodes; (c) cross-talk from signals originating in adjacent 
muscles; and (d) agonist-antagonist muscle interaction. 

The agonist-antagonist interaction of simultaneously contracting mus- 
cles is an important consideration, especially in isometric contractions, 
where the joints must be stabilized. In all the studies reported in the 
literature only the net force or torque resulting from the agonist- 
antagonist interaction is measured. In many cases this approach provides 
the correct information with respect to the involvement of the agonist 
as the muscle of interest. However, in various circumstances involving 
the need to stiffen the joint, the antagonist(s) may be active. This situation 
is more likely to occur as the force output increases. In such cases, the 
net force is customarily assumed to be linear with respect to that of the 
agonist muscle. However, this relationship may be altered by numerous 
factors such as joint angle, limb position, and pain sensation. Thus, the 
signal-force relationship (from the muscle of interest) may be altered. 

The electrical cross-talk from adjacent muscles is unquestionably a 
possible contribution to the behavior of the relationship. Again, its 
contribution would manifest itself more prominently as the force output 
of the muscle increases. The presence of cross-talk would be more 
dominant in smaller muscles, where the electrodes (especially the surface 
types) are constrained to be located near the adjacent musculature. Cross- 
talk may also account for the difference in the behavior of the signal- 
force relationship when the signal is detected with monopolar and bipolar 
electrodes. Conflicting reports have appeared on occasion (for example, 
in the work of Moritani and deVries, 1978). As discussed in Chapter 2, 
these two types of electrodes have considerably different frequency 
characteristics and detect different amounts of electrical signals from 
adjacent muscle tissue. The complexity of cross-talk is further com- 
pounded by the anisotropy of the muscle tissue itself and the inhomo- 
geneity of the tissues adjacent to the muscle. For this reason, it is often 
not possible to accurately identify the source of the contaminating 
physiological signal. 

The relative location of slow-twitch and fast-twitch muscle fibers within 
the muscle is also an important consideration because of the following 
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Figure 7.3. Effect of force rate (nonballistic) on the EMG signal-force relationship 
in three different muscles. The standard deviations of the raw data are indicated 
by the shaded area in the top graph. N represents the number of contractions 
that were averaged to obtain the plotted curves. The data was obtained from 13 
subjects. (From J.H. Lawrence and C.J. De Luca, 1983, © Journal of Applied 
Physiology.) 
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reasons. The amplitude of the action potential generated by a single 
muscle fiber is proportional to the fiber diameter. Fast-twitch fibers, 
which in the human first dorsal interosseous and biceps brachii muscles 
are generally larger in diameter (Polgar et al, 1973), have higher ampli- 
tude action potentials than slow-twitch fibers. Higher amplitude motor 
unit action potentials result in a higher amplitude signal. (Refer to 
discussion in Chapter 3, specifically to Figure 3.11.) However, the 
amplitude of the motor unit action potential that contributes to the 
surface signal is a function of the distance between the active fibers and 
the detection electrodes: the greater this distance, the smaller the ampli- 
tude contribution. The larger motor units (containing the larger diam- 
eter fast-twitch fibers) are preferentially recruited at high force levels 
according to the “size principle” (Henneman and Olson, 1965). There- 
fore, the relative location of the fast-twitch fibers within the muscle and 
with respect to the recording electrodes determines how the electrical 
signal from these motor units affects the surface EMG signal. 

Although all three causalities described above require consideration 
when the EMG signal is compared to the force output, it remains difficult 
to document their intervention quantitatively. The fourth causality men- 
tioned, that is, the motor unit recruitment and firing rate properties, has 
been documented more concretely. Information described in detail in 
Chapter 5 provides documentation that the firing rate and recruitment 
properties of relatively large and small muscles are distinctly different. 
The equations in Figure 3.11 show that such a distinction has the 
potential of expressing itself in the value of the parameters that are 
customarily used to measure the amplitude of the signal. 


Oscillating Contractions 

An alternative approach to studying the relationship between the EMG 
signal and the force output of a muscle during isometric contractions is 
monitoring the signal from the muscle while the force output of the 
muscle oscillates at a fixed frequency, and repeat the measurement at 
various frequencies. The modulation of the force output may be induced 
either by electrical stimulation of the muscle (Buchthal and Schmalbruch, 
1970; Crochetiére et al, 1967) or by voluntary intention (Gottlieb and 
Agarwal, 1971; Soechting and Roberts, 1975). The input-ouput relation- 
ship (transfer function) between the signal amplitude and the force 
output as a function of the frequency of the contraction oscillation may 
be represented as gain and phase functions. (See the discussion at the 
beginning of Chapter 2 for more details on transfer functions.) 

The results of Soechting and Roberts (1975), who detected surface 
EMG signals, are presented in Figure 7.4. The continuous lines represent 
a simple transfer function which approximates the data. It is: 
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Figure 7.4. Gain and phase relationships between the integrated rectified 
amplitude of the EMG signal and isometric force in the biceps brachii. (From J.F. 
Soechting and W.J. Roberts, © 1975, Journal of Physiology.) 


Although this transfer function does not provide the best fit to the data, 
it is nonetheless a useful representation of the data because it models the 
input-output relationship as a simple second order system with a 3 dB 
point at 2.5 Hz. The data of Figure 7.4 indicate that an increase in the 
modulation amplitude of the surface EMG signal is required to maintain 
the same amount of modulation of the output force as the frequency of 
the modulation increases. In other words, the electrical-mechanical trans- 
fer function behaves as a low-pass filter. 


RELATIONSHIP DURING ANISOMETRIC CONTRACTIONS 


Studies directed at describing the relationship between the signal 
amplitude and some form of mechanical output of the muscle such as 
position, velocity, and acceleration are susceptible to additional compli- 
cations above those associated with isometric contractions. When the 
contraction is anisometric, that is, one which involves a change in the 
length of the muscle, the following additional factors must be addressed: 
(1) the modulation of the EMG signal induced by the relative movement 
of the electrode with the active fibers; (2) the force-length relationship 
of muscles; (3) the possible presence of reflex activity; (4) the change in 
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the instantaneous center of rotation of a joint which will effect the 
moment (force X distance) of the tendon insertion. 

A discussion on the complications involving relative movement of the 
active fibers and electrode is provided near the end of Chapter 2. 

The effect of length on the force generation capability is well docu- 
mented. This nonlinear, nonmonotonic relationship is presented in Fig- 
ure 7.5. The force produced by the muscle consists of two components: 
the passive elastic force (curve 1) exerted by the elastic components of a 
muscle, and the excitation-force response (curve 2). The sum of the two 
components yields curve 3, which represents the force output of the 
muscle as a function of its length. Note that the maximal force is 
generated when the muscle is stretched to approximately 1.2—1.3 times 
its resting length. This increment of stretch often coincides with the 
length of the muscle in the relaxed position. It appears that the anatom- 
ical architecture of the musculoskeletal system is organized so as to 
benefit from the force-length characteristics of the neuromuscular sys- 
tem. The instantaneous center of rotation of a joint, that is, the point 
around which the net torque is zero, is not fixed in most joints. De Luca 
and Forrest (1973c) demonstrated that in the case of the shoulder joint 
the instantaneous center of rotation undergoes a considerable excursion 
as a function of limb abduction. 

The involvement of some or possibly all of the above considerations is 
seen in the findings of Miwa and Matoba (1959). They found that during 
slow flexion, the biceps brachii is much more active at certain angles of 
the elbow; it reaches a peak of activity when the elbow is at 160° and 
falls rapidly to almost nil at 90°, and increases again at maximal flexion. 
In another study Miwa and Matoba (1963) found similar changes to 
occur in the muscles of the thigh. 


TENSION 


50 100 150 200 
% of Rest Length 


Figure 7.5. Force-length curves for an isolated muscle. Curve 1 is the passive 
elastic force of a muscle that is stretched. Curve 3 is the total force of a muscle 
contracting actively at different lengths. Curve 2 is the force developed by the 
contractile mechanism; it is obtained by subtracting curve 1 from curve 3. 
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The above discussion should serve as a cautionary warning to resist 
making facile interpretations concerning the amplitude of the EMG 
signal when the length of the muscle changes. It is alluring to use the 
EMG signal amplitude as a parameter to assess the quantitative involve- 
ment of the muscle during a functional movement. The literature 
abounds with reports of such attempts, notably in the area of gait 
measurements. Admittedly, there are many situations in which the EMG 
signal does have a useful role in the study of human gait, but in such 
cases the interpretation of the meaning of the amplitude of the signal 
should be executed wisely. Appropriate consideration should always be 
given to the underlying causes and interactions. 


SUMMARY 


This chapter has described the known behavior of the relationship 
between the amplitude of the EMG signal and the force output of the 
muscle. It has been emphasized that the characteristics of the amplitude 
of the signal can reflect the force output of the muscle, but it may also 
be affected by the technical details of the detection procedure and by 
physiological events occurring or originating in muscles not being mon- 
itored. Therefore, caution must always be considered when the ampli- 
tude of the signal is used as an indication of the muscular mechanical 
output, especially in contractions that are not isometric. 

The relationship between the normalized EMG signal and the nor- 
malized force output of the muscle displays the following characteristics. 

During a nontonically increasing isometric contraction: 


1. There exists a considerable intersubject variation. 

2. It is dependent on the muscle; it is quasilinear for the small muscles 
in the hand and nonlinear (amplitude increasing more than force) 
for the large muscles of limbs. 

3. This distinction in the behavior may possibly reflect the difference 
in the firing rate and recuitment properties of small and large 
muscles, as well as other anatomical and electrical considerations. 

4. It is independent of training and possibly fiber typing. 

5. It is independent of the rate at which the contraction is generated, 
with the restriction that the contraction be nonballistic and nonfa- 
tiguing. 


During oscillating isometric contractions the ratio of the force output to 
the amplitude of the EMG signal decreases as the frequency of the 
oscillation increases. During anisometric contractions the interpretation 
of the relationship between EMG signal amplitude and force requires 
considerable caution because numerous factors other than the force 
generated by the muscle may affect this relationship. 


CHAPTER 8 


Muscle Fatigue and Time-Dependent 
Parameters of the Surface EMG Signal 


THE CONCEPT OF FATIGUE 


The concept of fatigue as applied to monitoring or measuring the 
deterioration of a performance of the human operator has been ambigu- 
ous and often misapplied. Mention the word “fatigue” to a group of 
health specialists and life scientists, and many diverse and divergent 
descriptions and explanations will emerge. In man, the issue of fatigue 
is complex due to the various physiological and psychological phenomena 
which contribute to it and which demonstrate it. In general most, if not 
all, currently used methods for measuring fatigue in the active human 
are, by their very nature, inherently doubly subjective, that is, they rely 
on the cooperation of the individual performing a prescribed task and 
the disposition of the observer when assessing the performed task. (It is 
usually possible for the observer to induce the subject to make an exertion 
beyond the initial presumption of his capability and/or interest.) 

Another source of confusion arises from the fact that far too many 
health specialists and life scientists appear to have accepted the concept 
of fatigue as being associated with, demonstrated by, or represented by 
an event occurring at or over an identifiable period of time. For example, 
it is common to think of when an individual fatigues, or to indicate that 
an individual is fatigued when a particular task cannot be performed or 
maintained at a specific time. Such a notion of fatigue is inconsistent 
with that which has been successfully employed by engineers and physical 
scientists, who have considered the concept of fatigue as a time-depend- 
ent process. For example, consider a steel girder that supports the main 
structure of a bridge. It may well remain in place with no apparent, 
externally visible structural modification for over 50 years; then sud- 
denly, in one instant a fracture develops, the girder fails, and the bridge 
collapses. If one, observing from a distance, were to look at the main 
structure of the bridge for a sign of fatigue, none would be easily noted 
during the 50-year period. What would be noted in this mode of 
observation would be the failure point. All the while, however, the 
crystalline structure of the steel girder was undergoing an alteration 
caused by chemical and physical processes. In order to monitor the 
progression of this alteration, specimens of data from within the girder 
itself or externally observable modifications related to the internal alter- 
ation are required. 
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An analogy in terms of muscle fatigue in the human body would be 
the task of maintaining a muscle contraction constant for as long as 
possible. Throughout this task, the involved muscles are continuously 
fatiguing, but at one instant in time the “failure point” will occur when 
the desired force output may no longer be maintained and contractile 
fatigue becomes observable. 

Access to biochemical and physiological data within the muscle or the 
central nervous system could reveal time-dependent changes indicative 
of a fatigue process, even though the externally observable mechanical 
performance would not be altered until the failure point. An example of 
this is presented in Figure 8.1, which demonstrates the force output of 
the first dorsal interosseous muscle during an attempt at maintaining a 
50% maximal voluntary contraction (MVC) constant, along with the 
median frequency of the power density spectrum of the EMG signal 
from the same muscle. (It will be explained later that the median 
frequency, as well as other characteristic frequencies of the power density 


Failure Point 


Median 
Frequency 


Fatigue (Contractile) 
observed by force 


Fatigue (Metabolic) observed by EMG signal 


LOCALIZED MUSCULAR FATIGUE 


Figure 8.1. Distinction between contractile fatigue and metabolic fatigue. In 
this case, the force was exerted during an isometric contraction of the first dorsal 
interosseous muscle. The task consisted of maintaining the force output at 50% 
of the maximal value for as long as possible, and when this was no longer 
possible, the subject attempted to produce as much force as possible. The failure 
point denotes the time when the force output was no longer maintained at the 
desired average value. The median frequency value was calculated from the 
power density spectrum of the EMG signal. The time duration of the contraction 
was 150 s. 
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spectrum, appear to provide an appropriate representation of biochem- 
ical events within the muscle.) Note that even when the force output 
remains relatively constant, the median frequency is continuously de- 
creasing in value. 

This notion of a fatigue process and failure point may well prove 
useful in describing physiological, biochemical, and mechanical events in 
the human body. 

This chapter will present a review of the published information con- 
cerning the relationship of the EMG signal detected on the surface of 
the skin and fatigue-related events which occur in the muscle. An attempt 
will be made to explain and unify some of the seemingly disjointed data 
from different disciplines. 


BACKGROUND 


Over one-half century ago, Muscio (1921) argued that the then current 
interpretation of the word fatigue was too general in meaning for 
scientific use and should be abandoned. This timely advice induced 
involved professionals to subdivide the concept of fatigue into subsets. 
This approach was exemplified by Bills (1943), who suggested that 
fatigue be divided into three major categories. The first was subjective 
fatigue, characterized by a decline of alertness, mental concentration, 
motivation, and other psychological factors. The second was objective 
fatigue, characterized by a decline in work output. The third was 
physiological fatigue, characterized by changes in physiological processes. 
These categories have been further subdivided into areas with identifi- 
able origins and symptoms (see Simonson and Weiser, 1976). 

One type of physiological fatigue is induced by sustained muscular 
contractions. It is associated with such external manifestations as the 
inability to maintain a desired force output, muscular tremor, and 
localized pain. The effects of this fatigue are localized to the muscle or 
group of synergistic muscles performing the contraction. This category 
of fatigue has been termed localized muscular fatigue by Chaffin (1973). 
Although this term originally had its roots in the field of ergonomics, it 
was subsequently popularized by a research group at Chalmers University 
of Technology and Sahlgren Hospital in Sweden. However, according 
to Merton (1954) and various other investigators, even this category of 
fatigue may have its source peripherally (in the muscle tissue or neuro- 
muscular junction) or centrally (in the brain and spinal cord). 

In the study of localized muscular fatigue, analysis of the EMG signal, 
detected on the surface of the skin over a muscle, has been extensively 
employed. Since the historic work of Piper (1912), the frequency com- 
ponents of the surface EMG signal have been known to decrease when a 
contraction is sustained. Cobb and Forbes (1923) noted this shift in 
frequencies toward the low end with fatigue and also observed a consist- 
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ent increase in amplitude of the EMG signal recorded with surface 
electrodes. Many other investigators have also noted an increase in EMG 
signal amplitude (Knowlton et al, 1951; Scherrer and Bourguignon, 
1959; Zhukov and Zakharyants, 1960; Lippold et al, 1960; deVries, 
1968; Kadefors et al, 1968; Kuroda et al, 1970; Lloyd, 1971; Vreden- 
bregt and Rau, 1973; Stephens and Usherwood, 1975; Viitasalo and 
Komi, 1977; Stulen and De Luca, 1978a; Clamann and Broecker, 1979; 
Maton, 1981; Hagberg, 1981; and others). The frequency shift (towards 
the lower frequencies) has also been observed often and in a variety of 
muscles throughout the human body (Kogi and Hakamada, 1962a and 
b; Sato, 1965; Kadefors et al, 1968; Kwatney et al, 1970; Lindstrom et 
al, 1970; Johansson et al, 1970; Chaffin, 1973; Lindstrom et al, 1974; 
Viitasalo and Komi, 1977; Lindstrom et al, 1977; Givens and Teeple, 
1978; Komi and Tesch, 1979; Petrofsky and Lind, 1980b; Bigland- 
Ritchie et al, 1981; Hagberg, 1981; Inbar et al, 1981; Kranz et al, 1981; 
Palla and Ash, 1981; Stulen and De Luca, 1981; Mills, 1982; Hagberg 
and Ericson, 1982; De Luca et al, 1983; and others). These two phenom- 
ena, which are pictorially represented in Figure 8.2, are in fact related. 
Lindstrom et al (1970) and De Luca (1979) explained the interrelation- 
ship by noting that during a sustained contraction the low-frequency 
components of the EMG signal increase and, hence, more EMG signal 
energy will be transmitted through the low-pass filtering effect of the 
body tissue. Therefore, the magnitude of the two related phenomena is 
dependent on many factors, such as force level of contraction, time into 
the contraction, the type of electrode used to obtain the EMG signal, the 
thickness of the subcutaneous tissue, and the particular muscle investi- 
gated. 

A minor digression is necessary at this point. It is commonly observed 
that the spectral shift is most dramatic near the beginning of a sustained 
contraction, whereas the amplitude of the EMG signal shows a more 
pronounced increase near the end of a sustained contraction. Such 
divergent behavior of these two measurements would seem to indicate 
that they might have separate origins, were it not for the fact that the 
firing rates of the motor units decrease, even during constant-force 
contractions. This decrease in the firing rate is more pronounced near 
the beginning of the contraction. The decreasing firing rates will de- 
crease the amplitude of the EMG signal and thus offset the increase 
induced by the frequency shift. 

Most of the work in this area has been performed on data obtained 
during constant-force contractions. Three explanations have been pro- 
posed to account for the increase in amplitude and the frequency shift 
of the EMG signal observed during a sustained, constant-force, isometric 
contraction. They are: motor unit recruitment; motor unit synchroni- 
zation, and changes in the conduction velocity of muscle fibers. To this 
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Figure 8.2. (Top) EMG signal amplitude and force during an attempted constant- 
force contraction in the first dorsal interosseous muscle. (Bottom) Power density 
spectra of the EMG signal at the beginning and at the end of the constant-force 
segment of the contraction. 


list should be added the regularity (coefficient of variation) of the motor 
unit discharge. 

Edwards and Lippold (1956), Eason (1960), Vredenbregt and Rau 
(1973), and Maton (1981) have attributed the increase in amplitude to 
recruitment of additional motor units. They postulated that as a con- 
traction progressed, additional motor units would be required to main- 
tain the force output constant. Although this is plausible, currently 
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available information does not support this postulate as being a necessary 
cause of the observed phenomenon. For example, increases in amplitude 
and frequency shift into lower frequencies have been observed in the 
first dorsal interosseous muscle during 80% MVC (Stulen, 1980; Merletti 
et al, 1984), and it has been clearly established (Milner-Brown et al, 
1973; De Luca et al, 1982a) that at this contraction level, the first dorsal 
interosseous muscle does not recruit any motor units. In any case, we 
have not been able to find one report in the literature that without doubt 
and ambiguity presented evidence that new motor units are recruited 
during constant-force contractions of some particular muscle. Arguments 
for motor unit recruitment during constant-force contractions, such as 
those presented by Maton (1981), are not convincing without proof that 
the force output of the muscle under investigation remains invariant. It 
is important to note that, in all reported experiments in which the EMG 
signal detected from one muscle has been scrutinized for motor unit 
recruitment during sustained constant-force contractions, the force out- 
put of the muscle has been obtained by monitoring the torque at the 
joint controlled by the muscle under investigation. Implicit or explicit 
assumptions have been made that invoke a linear proportionality between 
these two parameters. However, such is not necessarily the case, because 
the stiffness of agonist and antagonist muscles may vary without varying 
the net torque at a joint by increasing the force output of the individual 
muscle being investigated. Therefore, monitoring the torque of the joint 
does not provide ensurance that the force of an individual muscle remains 
invariant. 

The above comment should not be misconstrued to argue against the 
existence of motor unit recruitment during an apparent constant-force 
contraction. This phenomenon may well exist, but it remains to be 
proven. 

Synchronization, i.e., the tendency for motor units to discharge at or 
nearly at the same time, has often been cited as the cause of both 
frequency shift and amplitude increase (Scherrer and Bourguignon, 
1959; Missiuro et al, 1962a and b; Person and Mishin, 1964; Lloyd, 
1971; Chaffin, 1973; Bigland-Ritchie et al, 1981; and Palla and Ash, 
1981; and others). However, synchronization of motor units has been 
reported to be more evident as the time duration of the contraction 
progresses (Lippold et al, 1957; Missiuro et al, 1962a; Lippold et al, 
1960). Nevertheless, the freqeuncy shift is more pronounced at the 
beginning of a contraction (see Fig. 8.1). Hence, the behavior of these 
two phenomena is not complimentary during a sustained contraction, 
indicating a lack of a powerful association. 

Mathematical modeling of the EMG signal has indicated that little, if 
any frequency shift occurs as the result of motor unit synchronization 
(Trusgnich et al, 1979; Verroust et al, 1981; Blinowska et al, 1980, Jones 
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and Lago, 1982). Nonetheless, mathematical modeling approaches can 
only provide limited insight into the modification of the power density 
spectrum caused by the synchronization of motor unit discharges because 
of the incomplete knowledge of the detailed behavior of the discharges. 
In such circumstances, the indications provided by models are highly 
dependent on the assumptions made about the discharge statistics of the 
motor units and the shapes of the action potentials. The reports that 
have accounted for a modifying effect on the power density spectrum 
are consistent in indicating an increase in the low frequency range of the 
spectrum, in the range of the firing rate values. 

The review presented in the following section will address the effect 
of the discharge statistics (including firing rate and coefficient of variation 
of the interpulse intervals) on the power density spectrum. It will be seen 
that these properties also affect the low frequency components. In fact, 
the effect of the firing rate, coefficient of variation of the interpulse 
intervals, and synchronization are inextricably interwoven, and all have 
the potential of modifying the energy distribution of the lower frequency 
compartment of the power density spectrum. But, their effect and 
interaction are complex and are not well understood. However, all 
current indications strongly suggest that any resulting modification of 
the spectrum has the potential of being inconsistent in nature. Although 
they are not suitable candidates for explaining the dramatic frequency 
shift throughout the whole bandwidth of the EMG signal, their effect on 
the low-frequency end of the spectrum cannot be disregarded. 

The relevance of the third explanation concerning the conduction 
velocity of the muscle fibers will also become evident in the following 
section. 


FACTORS AFFECTING THE FREQUENCY SHIFT OF THE EMG 
SIGNAL 

A systematic investigation of the behavior of the frequency shift of the 
EMG signal, requires an analysis of its power density spectrum. This task 
requires a mathematical model for the spectrum which, in turn, requires 
a mathematical model for the EMG signal. Such an analysis has been 
developed in Chapter 3. The equation describing the power density 
spectrum is repeated here for convenience. 


pF) q(F) 
Sn(w, t, F) = R(w, d) 2 Suf{w, t) + 2 Suu {,t) 
i=1 Fe 
where 


t= time 
F = force 
S,,(w, t) = the power density spectrum of the MUAPT, ut) 
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Su,u,(w, t) = The cross-power density spectrum of MUAPTSs u(t) and u,(t) 
R(w, d) = the electrode filtering function 
p = the total number of MUAPTs that comprise the signal 
q = the number of MUAPTSs with correlated discharges 
d =the distance between the detection surfaces of the bipolar 
electrode 


The power density spectrum of the MUAPT may be expressed as: 
Su(@) = So(w)- | HGe) |” 


M(t, F)- (1 = 1MGe, t, F)I7) {| Hi jeo) |?) 


Sul, t F) = 7S iReal{M(jw, FY} + |MGo. b FP 


where 


\; = the firing rate of the motor unit 
S3,(w) = The power density function of the impulse train 6,(¢), which 
represents the time events of the MUAPs. 
H{(jw) = The Fourier transform of the MUAP, A(t) 
M(jo, t, F) = the Fourier transform of the probability distribution func- 
tion p,(x, t, F) of the IPIs. 


These equations emphasize the description of the power density spec- 
trum in terms of the statistical properties of motor unit discharges. 
Although the waveforms of the MUAPs are represented in H;( jw), any 
factors which may modify the waveform during a sustained contraction 
are not represented. One such factor is the conduction velocity of the 
EMG signal along the muscle fibers. This relationship is expressed in the 
following alternative representation: 


1 wd 
Sn(w, t, F) = Rw, dja F) (5 =) 


where 


v = the average conduction velocity of active muscle fibers contribut- 
ing to the EMG signal 

G = the shape function which is implicitly dependent on many anatom- 
ical, physiological, and experimental factors. 


From the above equations and with reference to the related discussion 
in Chapter 3, it is possible to draw the following observations concerning 
the behavior of the spectrum: 


1. A decrease in the firing rates of the motor units will contribute to a shift of 
the power density spectrum towards frequencies. This will occur because 
the probability distribution function (or histogram) will become increasingly 
skewed. A pictorial explanation of this point is presented in Figure 3.7. 
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The energy contribution discharge characteristics in the power density 
spectrum is limited to below 40 Hz. 

2. A modification in the discharge characteristics of the motor units may also 
effect the power density spectrum because the cross-correlation terms will 
be effected. Factors such as synchronization and regularity (coefficient of 
variation) of motor unit discharge play a prominent role in determining the 
behavior of the cross-correlation values. It has been shown (in Chapter 3) 
that these discharge characteristics have a tendency to increase the energy 
in the low-frequency part of the spectrum. Their effort is also limited to 
below 40 Hz. 

3. Any modification in the waveform of the MUAPs will be reflected in the 
Fourier transforms of the waveforms and thus in the power density spec- 
trum. The waveform would have a larger time duration as the conduction 
velocity decreases during a sustained contraction because the time to 
traverse the electrode environment would be longer. This would cause a 
simultaneous increase in the low-frequency components and a decrease in 
the high-frequency components. Evidence for the increase in the time 
duration of the MUAP has been provided by Broman (1973), De Luca and 
Forrest (1973a), Broman (1977), Kranz et al (1981), and Mills (1982). 


The first two observations concern control properties of the motor 
units, which may be either central and/or peripheral in origin. Their 
involvement in the spectral shift is realistic because it is known that 
during a sustained contraction, the firing rate of motor units decreases, 
and other statistical parameters may be altered. (Refer to the discussion 
in Chapter 5 for details.) The third observation is associated with bio- 
chemical and physiological events which occur in the muscle tissue per 
se. Their involvement in the spectral shift is also realistic and will be 
discussed in the following section. 


FACTORS AFFECTING THE WAVEFORM OF THE MOTOR UNIT 
ACTION POTENTIAL 


It is now apparent that a considerable amount of the frequency shift 
of the power density spectrum of the EMG signal is caused by a change 
in the spectral characteristics of the MUAPs which comprise the signal. 
Such changes may only occur if the waveform of the MUAPs changes. 
The waveform may be altered by either varying the shape of the 
waveform or by scaling the waveform by linear operators. In the latter 
case, the shape of the waveform remains unaltered, but characteristics 
of the shape are altered. This distinction between the meaning of 
waveform and shape is important in subsequent discussions. Note that a 
linear multiplication in either the time scale or amplitude scale does not 
change the shape. Modifications in the shape are induced by nonlinear 
transformations. Figure 8.3 presents a schematic diagram incorporating 
the currently known factors that directly determine or influence the 
waveform of the MUAPs. One factor, the tissue filtering, determines the 
actual MUAP shape; the other factor, conduction velocity of the muscle 
fibers, modifies the characteristics of the waveform. 
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Figure 8.3. Factors affecting the waveform of the motor unit action potentials. 


The amount of tissue filtering is determined mainly by three factors: 
the relative three-dimensional arrangement of the muscle fibers of an 
active motor unit; the distance between the surface electrode contacts 
and the active muscle fibers (see Fig. 2.16); and the location of the 
electrode on the surface of the muscle as a function of the distance 
between the innervation zone and the tendon of the muscle (Lindstrom, 
1970). Of these two factors, the depth measure of the muscle fiber 
location is an important concern when additional motor units are re- 
cruited or decruited (such as when the force output of the muscle is 
varied) because their centers of electrical activity are most likely situated 
in differing locations within the muscle. The distance between the active 
fiber and the electrode describes the current path between these two 
points, which is not necessarily the shortest distance, depending on the 
degree of homogeneity of the tissues. 

The conduction velocity of the muscle fibers is monotonically related 
to the diameter of the muscle fibers and is greatly affected by the 
intramuscular pH. The relationship between conduction velocity and 
muscle fiber diameter has been known for many years and is widely 
accepted. Recent reports have provided conflicting results concerning 
modifications in the diameter of muscle fibers due to endurance exercise. 
(For a review of this literature, the reader is referred to Salmons and 
Henriksson (1981).) The relationship between conduction velocity and 
pH is less well documented and not as uniformly familiar. 

The biochemical-mechanical processes which result in a muscle fiber 
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contraction have as a by-product the formation of lactic acid and pyruvic 
acid which pass through the muscle fiber membrane into the surrounding 
interstitial fluid. The amount of hydrogen ions that accumulates inside 
and outside the muscle fiber membrane will also be dependent on the 
rate of hydrogen ion removal, either by physical transport or by chemical 
reaction. The relative and absolute effects of both processes are likely to 
differ in muscles having considerably different fiber type constituency 
and tissue consistency. Generally, during repetitive muscle fiber twitches 
(as would be the case in sustained contractions), the hydrogen ion 
concentration increases, and the pH decreases. Many reports verifying 
this point have been published. The earlier work was performed in 
animals (Ogata, 1960; Beatty et al, 1963). In the past decade, numerous 
relevant investigations on human muscles in situ have been reported. 
The reader is referred to the reports of Ahlborg et al, 1972; Hermansen 
and Osnes, 1972; Sahlin et al, 1975; Tesch and Karlsson, 1977; Sahlin 
et al, 1978; Tesch et al, 1978; Harris et al, 1981; and Viitasalo and 
Komi, 1981, among others. Two of these reports by Tesch and his 
colleagues present data indicating that more lactate is accumulated in 
muscles that consist mostly of fast-twitch fibers than those that consist 
mostly of slow-twitch fibers. This observation is consistent with the 
suggestion that higher activities of glycolytic enzymes, such as LDH and 
M-LDH, would favor a rapid lactate formation in fast twitch fibers 
(Sjodin, 1976; Tesch et al, 1978). 

It has been postulated that hydrogen ions play a significant role in the 
generation of action potentials in excitable membranes. They affect the 
process, possibly by causing physical changes in the arrangement of 
membrane proteins and/or via the electric field generated by their charge 
(Bass and Moore, 1973). Experimental evidence for this concept has 
been provided by Jennische (1982), who demonstrated that the mem- 
brane potential decreased as the pH increased in both soleus and gas- 
trocnemius muscles of the cat. Also Tasaki et al (1967) and Orchardson 
(1978) demonstrated that the membrane excitability decreased when 
intracellular pH decreased. The conduction velocity is directly related 
to the membrane excitability. Therefore, introduction of acidic by- 
products in the membrane environment may be expected to cause a 
decrease in the membrane conduction velocity. Such behavior in the pH 
and conduction velocity has been reported in a preliminary report of a 
study performed on the first dorsal interosseous muscle (Stulen, 1980; 
De Luca et al, 1983). However, the interaction between pH and conduc- 
tion and velocity is not firmly established, and additional research in this 
area would be useful. 

It is the net amount of hydrogen ions in the membrane environment 
that is of importance. Therefore, in addition to the amount of hydrogen 
ions that are formed during a muscle contraction, it is also necessary to 
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consider any mechanism that removes them from the membrane envi- 
ronment. This point was demonstrated by Mortimer et al (1970), who 
studied the decrease in conduction velocity in ischemic muscles of cats. 
In one set of experiments, a muscle was made ischemic by arterial 
clamping; in another set, a muscle was perfused at normal physiological 
pressure with nitrogen-bubbled Dextran. In both cases the muscle was 
not oxygenated. Yet, the decrease in conduction velocity was significantly 
greater under ischemic conditions than in the dextran perfusion state. 
Thus, they concluded that the net accumulation of metabolic by-products 
caused the decrease in conduction velocity. 

The removal of acidic by-products will be a function of many factors, 
the most obvious being the functional capacity of the vascularization in 
the muscle and the force level of the contraction. As the force output of 
the muscle increases from zero, the oxygen demand of the muscle 
increases, requiring an increase in the blood flow. However, the intra- 
muscular pressure also increases, eventually resulting in occlusion of the 
arterioles and diminution of blood flow in the muscle. Mortimer et al 
(1971) and Bonde-Petersén et al (1975) employed Xenon-133 clearance 
techniques to demonstrate that blood flow in the biceps and other muscles 
of the arm was dependent on the level of contraction. The data in both 
investigations showed that blood flow peaked at about 25% MVC and 
decreased to below resting values for contractions performed above 50% 
MVC. This observation has been qualified by Reis et al (1967), Bonde- 
Petersén and Robertson (1981), and Petrofsky et al (1981), all of whom 
demonstrated that muscles consisting mainly of slow-twitch fibers are 
more heavily dependent on their blood supply for their ability to generate 
force. Belcastro and Bonen (1975) found that the rate of lactic acid 
removal was increased during mild self-regulated recovery exercise. It 
has also been found that sustained exercise will tend to decrease the 
amount of necessary blood flow into a muscle (Varnauskas et al, 1970; 
Saito et al, 1980), while apparently increasing the capillary density in the 
muscle (Andersen and Henriksson, 1977; Ingjer, 1979). 

The details of the above discussion are represented in the block 
diagram of Figure 8.3. In summary, the waveform of the MUAPs, 
detected by a surface electrode will be a function of the particular muscle 
that is contracting and the force level of the contraction. These two 
variables determine the fiber type, number, firing rate, and location of 
the motor units that are involved, as well as the state of the blood flow. 
(Some evidence exists that exercise may be a contributing factor by 
possibly altering the fiber diameter and blood flow.) During sustained 
fatiguing contractions, two factors will have the greatest effect on the 
motor unit action potential waveform. In constant-force contractions, in 
which the number of active motor units is essentially fixed, the dominant 
factor is the amount of acidic by-products which remain in the muscle 
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fiber membrane environment. During force-varying contractions, the 
effect of tissue filtering of the newly recruited motor units also plays a 
prominent role. 


PARAMETERS USED TO MEASURE THE FREQUENCY SHIFT 


A cautionary note is in order on the technical details associated with 
the detection and recording techniques used to acquire the EMG signal. 
(For additional and specific details, refer to the material in Chapter 2.) 
Special attention should be given to the combined bandwidth of the 
electrode, amplifier, and recording device in order to acquire a faithful 
representation of the EMG signal. Ideally, for surface electrodes, the 
bandwidth (3 dB points) should be 0-500 Hz. However, the DC coupling 
may cause complications. Therefore, for practical purposes it is recom- 
mended that the low-3 dB point be set at 20 Hz. The reader is reminded 
that the estimate of parameters of the frequency spectrum of the EMG 
signal discussed in this section will be affected by the recording band- 
width. Wherever possible, in the discussion of this and following sections, 
it will be assumed that a sufficiently wide bandwidth has been used to 
acquire the signal. 

Several investigators have attempted to use the increase in amplitude 
of the EMG signal as an empirical measure of localized muscle fatigue 
(deVries, 1968; Currier, 1969; Lloyd, 1971; Viitasalo and Komi, 1977; 
Hara, 1980; Petrofsky and Lind, 1980a; Hagberg, 1981; Maton, 1981). 
These investigators have used either the rectified integrated or the rms 
value of the EMG signal. Although, as discussed in prior sections, the 
amplitude is indeed a reflection of the frequency shift (Lindstrom et al, 
1977; De Luca, 1979). Furthermore, the amplitude varies with the type 
of electrode used to detect the signal, the placement of the electrode, as 
well as the time-dependent properties of the conducting gels that are 
commonly used to interface electrodes to the skin. Regardless of these 
technical limitations, any measure of the total energy content of the 
EMG signal cannot provide the best representation of the frequency 
shift. The reader is reminded that the spectrum of the EMG signal is 
modified by a concurrent increase in the low-frequency components and 
a decrease in the high-frequency components. These effects tend to 
offset each other so that the total power of the spectrum will have a 
reduced sensitivity to any frequency shift in the spectrum. 

Some of the earliest attempts at identifying a single parameter of the 
power density spectrum for representing the frequency shift involved 
the calculation of the rms value of band-passed EMG signals (Kadefors 
et al, 1968; Johansson et al, 1970). However, this approach was appar- 
ently replaced by the “ratio” parameter, which displayed more dramatic 
changes that seemed to be related to the frequency shift. The ratio 
parameter is the ratio of the rms of the low-frequency components to 
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the rms of the high-frequency components (or the inverse). The separa- 
tion point between the high- and low-frequency regions may be any 
convenient characteristic frequency, such as the mean or median of the 
spectrum, chosen at the initiation of the contraction. Alternately, it has 
been calculated by taking the ratio of the rms values of the signal passed 
through two band-pass filters, one located in the low-frequency end of 
the spectrum, the other in the high-frequency end. The ratio parameter 
is convenient to monitor and has been used by several investigators 
(Gross et al, 1979; Muller et al, 1978; Bellemare and Grassino, 1979 and 
1982; Schweitzer et al, 1979; Bigland-Ritchie et al, 1981). 

The main attraction of the ratio parameter is that it presents dramatic 
changes in value of the frequency shift. However, Stulen and De Luca 
(1981) have shown through mathematical calculation that the ratio 
parameter has several drawbacks which make it inferior to other special 
parameters. This point has been demonstrated empirically by Schweitzer 
et al (1979) and Hary et al (1982). The ratio parameter is sensitive to 
the shape of the EMG signal spectrum. This is a hindrance, because in 
some muscles the frequency components of the EMG signal may vary 
during force-varying contractions, due to the recruitment of motor units 
that have significantly different action potential shapes. Furthermore, 
this parameter is dependent on the initial value of the characteristic 
frequency chosen to divide the spectrum or on the center frequency and 
bandwidths of the band-pass filters chosen. For the case where the median 
frequency is used as the partitioning frequency, a statistical analysis has 
shown that the ratio parameter estimate is biased and has a covariance 
approximately 30% greater than the covariance of the estimate of the 
median frequency. Also, the ratio parameter is not linearly related to 
the conduction velocity of the muscle fibers (Stulen and De Luca, 1981). 
In fact, this nonlinear relationship explains the misinterpretation of 
Bigland-Ritchie et al (1981), who inappropriately arrived at the correct 
conclusion that the decrease in the conduction velocity does not provide 
sufficient cause for the change in the frequency spectrum of the EMG 
signal. This interpretation was subsequently remedied by an elegant 
study from the same laboratory (Bellemare and Grassino, 1982). 

Other parameters have also been proposed but have not been widely 
used. De Luca and Berenberg (1975) proposed a polar representation 
consisting of a plot of the low-frequency rms value versus the high- 
frequency rms value. In such a representation, the plot remains on a line 
of slope 1 when no frequency shift is present and curves continuously 
towards the low-frequency rms axis as the shift progresses, thereby 
describing a characteristic pattern. Sadoyama and Miyano (1 981), noting 
that the frequency shift appeared to be a quasiexponential function of 
time during a sustained contraction, derived an expression which they 
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termed “measure H.” This expression consisted of the integral of the 
spectral function multiplied by the log of the spectral function. This 
parameter has the advantage of providing a more linear representation 
of the frequency shift as a function of time. Hagg (1981), Inbar et al 
(1981), and Masuda et al (1982) have proposed yet another parameter, 
the number of zero crossings of the EMG signal. This parameter has the 
advantage of being relatively simple to implement in hardware. However, 
the number of zero crossings may be severely affected by noise, a deficit 
whose impact may be reduced by introducing a nonzero threshold to the 
signal. A more important disadvantage of this approach is introduced by 
the fact that the number of zero crossings is approximately linearly 
dependent on the force of the contraction during relatively low efforts 
(Lindstrom and Petersén, 1981). 

Since, according to the equation relating the conduction velocity to 
the power density spectra, all the frequencies are scaled by the same 
factor, a frequency shift may be observed by tracking any characteristic 
frequency. Three have been used by various investigators. They are: the 
median frequency; the mean frequency; and the mode frequency. The 
median frequency is the frequency at which the power density spectrum 
is divided into two regions with equal power; the mean frequency is the 
average frequency; and the mode frequency is the frequency of the peak 
of the spectrum. All three are (in a mathematical sense) linearly related 
to the conduction velocity of the muscle fibers (Stulen and De Luca, 
1981). 

The mean frequency has been used by Herberts et al (1969), Lind- 
strom et al (1977), Lindstrom and Magnusson (1977), Broman and 
Kadefors (1979), Hagberg (1979), Komi and Tesch (1979), Lynne-Davies 
et al (1979), Ortengren et al (1979), Hagberg (1981), Hagberg and 
Ericson (1982), and Ladd et al (1982). The median frequency has been 
used by Stulen and De Luca (1978b, 1979), Sabbahi et al (1979), 
Petrofsky (1980), Petrofsky and Lind (1980a), Inbar et al (1981), Palla 
and Ash (1981), Stulen and De Luca (1982), De Luca et al (1983), van 
Boxtel et al (1983), Sadoyama et al (1983), Kranz et al (1983), and 
Merletti et al (1984). 

Of these characteristic frequencies, the mode frequency is the least 
useful, although superficially it might appear to be a useful parameter, 
because even for relatively poor signal-to-noise ratios it is always theo- 
retically possible to obtain the best estimate. However, this is not the 
case, because the EMG signal is a stochastic signal which does not have a 
smooth and sharply defined region near the peak value of its spectrum; 
hence, the variance of the spectrum would strongly influence the esti- 
mation accuracy of the mode. This point has been confirmed empirically 
by Schweitzer et al (1979). They found that the coefficient of variation 
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for the estimate of the mode frequency was five times greater than that 
of the mean frequency for EMG signal obtained from the human dia- 
phragm. 

Recently, Stulen and De Luca (1981) have shown that the median 
frequency provides a reliable, consistent, and relatively unbiased estimate 
of a parameter of the spectrum that is related to the muscle fiber 
conduction velocity. In general, the estimate of both the median and 
mean frequencies provides an acceptably good representation of the 
frequency shift. Both are superior to other parameters (Stulen and De 
Luca, 1981; Hary et al, 1982). However, both have relative advantages 
and disadvantages, depending on the quality of the EMG signal, the 
shape of the spectrum, and other related factors. These two frequency 
parameters offer the additional advantage that the calculation of their 
estimate may be implemented in analog circuitry, allowing them to be 
obtained on-line and in real-time (Broman and Kadefors, 1979; Stulen 
and De Luca, 1978b, 1982). 


BEHAVIOR OF CHARACTERISTIC FREQUENCIES 


It is now apparent that according to available information the median 
and mean frequencies are the preferred characteristic frequencies for 
monitoring the frequency shift. The median frequency (Stulen and De 
Luca, 1981) and the mean frequency (Lindstrom, 1970) have both been 
mathematically demonstrated to be linearly related to the average con- 
duction velocity of the muscle fibers. Sadoyama et al (1983) have pro- 
vided experimental verification for a linear relationship. Kranz et al 
(1983) have suggested that the change in conduction velocity may, in 
fact, account for nearly all the spectral shift seen in the signal. 

Both these characteristic frequencies have been shown to decrease as 
a function of time during a sustained contraction (Fig. 8.1). During 
sustained constant-force contractions, the rate of decrease has been found 
to be either quasilinear (Petrofsky, 1980; Petrofsky and Lind 1980a and 
b; Inbar et al, 1981; Mills, 1982) or quasiexponential (Lindstrom et al, 
1977; Stulen, 1980; Hagberg, 1981; Stulen and De Luca, 1982; De Luca 
et al, 1983). This apparent discrepancy may easily be attributed to either 
different muscles that may have been used to perform the measurements 
or to different processing schemes employed to calculate the character- 
istic frequencies. It should be noted that an exponential response may 
appear to be quasilinear if the time constant of the processing scheme or 
device is long relative to the time constant of the event being monitored. 
The rate of decrease is a function of the contraction force; the higher 
the force, the greater the rate (see Fig. 8.4). 

The mean or median frequencies may decrease by more than 50% in 
value from the beginning to the end of a sustained isometric constant- 
force contraction. However, the amount of decrease appears to be 
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Figure 8.4. The median frequency as a function of time for contractions per- 
formed at 20, 50, and 80% of the maximal voluntary contraction level in the first 
dorsal interosseous muscle. 


dependent on the muscles being investigated; some reveal much less 
dramatic decreases. Stulen (1980) found that in the first dorsal interos- 
seous muscle and the deltoid muscle the greatest decrease in the value 
of the median frequency occurred at 50% MVC. This observation is 
consistent with that of Clamann and Broecker (1979), who found that 
the amplitude of the EMG signal demonstrated the greatest increase 
during sustained 50% MVC contractions and with that of Tesch and 
Karlsson (1977), who found that maximal lactate concentrations were 
found in muscles which contracted isometrically at 50% MVC to exhaus- 
tion. 

After termination of a sustained contraction, the median and mean 
frequencies monitored in a muscle have been observed to recover (in- 
crease towards their initial value) within 4—5 minutes (Sabbahi et al, 
1979; Stulen, 1980; Petrofsky and Lind, 1980a; Mills, 1982; Merletti et 
al, 1984). This behavior is consistent with that of the conduction velocity 
observed by Broman (1973), and with the time required to remove lactic 
acid after cessation of exercise that induces localized muscle fatigue 
(Harris et al, 1981). Other reports, such as that of Sahlin et al (1978), 
described much longer lactate removal times after exercises which cause 
a systemic exhaustion, such as exercising on an ergonometer until total 
exhaustion. The distinction between these two types of tasks is important. 
In the latter case, most of the skeletal muscles in the body would be 
involved. Hence, a relatively high concentration of lactate would be 
present in the systemic blood stream. Whereas in the latter case, only a 
localized group of muscles would be primarily involved in the prescribed 
exercise, less lactate would be present in the blood stream, and the time 
required for absorption would be less. The latter case is more indicative 
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of localized muscular fatigue and may more accurately be associated with 
the characteristic frequency measurements made from one muscle. 

The absolute value of the mean and median frequencies has been 
found to vary inconsistently as a function of force within any one muscle 
(Petrofsky and Lind, 1980a and b; Stulen, 1980; Palla and Ash, 1981). 
In another study, Hagberg and Ericson (1982) found that the mean 
frequency increased with force at relatively low levels of contraction; at 
levels exceeding 25% MVC, the value of the mean frequency became 
independent of force output. These results are consistent with the 
explanation presented in a previous section, that is, the relative position 
of the newly recruited motor units with respect to the recording electrode 
and the diameter of the muscle fibers of the newly recruited motor units 
determine the modification of the EMG signal frequency spectrum 
caused by the additional MUAPTs present in the signal. 

Changes in median and mean frequencies have also been shown to be 
affected by blood occlusion within the muscle. Recent studies by Hara 
(1980), Mills (1982), as well as our own work (Merletti et al, 1984) have 
all indicated that the frequency shift of the EMG signal is more pro- 
nounced when the blood in the contracting muscle is occluded by 
external compression. These results are consistent with the fact that 
when the blood is occluded, acidic by-products accumulate in the envi- 
ronment of the muscle fiber membrane and decrease the conduction 
velocity of the muscle fibers. The median frequency has also been shown 
to be affected by the muscle temperature. Petrofsky and Lind (1980a) 
found it to increase as the muscle temperature was increased from 10 to 
40°C. Merletti et al (1984) found it to decrease linearly with decreasing 
muscle temperature during cooling. This latter observation is consistent 
with the known fact that the conduction velocity of the muscle fibers is 
proportionately related to temperature. 

All the reported observations of the mean and median frequencies are 
consistent with the series of events displayed in the block diagram form 
in Figure 8.3. The only published work which argues against this thesis, 
with the weight of properly interpreted data, is that of Naeije and Zorn 
(1982). These investigators simultaneously measured the mean frequency 
of the EMG signal and the average conduction velocity of the muscle 
fibers contributing to the EMG signal from the biceps brachii of eight 
subjects. In four of the subjects, the decrease in the mean frequency and 
conduction velocity were linearly correlated,-and in the rest the mean 
frequency decrease was not accompanied by a decrease in the conduction 
velocity. This apparent dichotomy might be resolved by considering the 
technique used to measure the conduction velocity. They used a cross- 
correlation technique to measure the difference in the time of arrival of 
the EMG signal at two locations along the direction of the muscle fibers 
away from the innervation zone. This technique is not consistently 
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reliable, especially when the cross-correlation value is less than 0.7. A 
possible explanation may be provided by the anisotropy of the muscle, 
fatty, and skin tissues. The impedance of the path between a muscle fiber 
source and a location on the surface of the skin may vary with the 
location. Therefore, the arrival time of the signal to any point on the 
skin will be a function of the path taken by the signal to reach that point 
as well as the conduction velocity of the muscle fibers. Therefore, 
measurements of this kind require caution in their interpretation. Sa- 
doyama et al (1983) repeated essentially the same experiment, using the 
same muscle and the same cross-correlation technique. They were careful 
to resolve signal analysis conflicts, and their data showed a consistent 
simultaneous decrease in both the mean frequency and conduction 
velocity. 


APPLICATIONS OF QUANTITATIVE MEASURES OF LOCALIZED 
MUSCULAR FATIGUE 


The technique of monitoring the frequency shift of the EMG signal 
for the purpose of measuring localized muscular fatigue has several 
advantages: it is noninvasive; it may be performed on muscle in situ; it 
may be performed in real-time; and it provides information relating to 
events which occur inside the muscle. In addition to that, Lindstrom and 
Petersén (1981) have recently shown that the decrease of the mean 
frequency is directly related to increased subjective sensation of per- 
ceived exertion during a sustained muscle contraction performed at 
moderate levels, although it is possible that the perceived sensation is 
not causally related to events occurring in the muscle per se. Many 
applications of this approach for measuring muscle fatigue are envi- 
sioned; some are only concepts and still require experimental verification, 
whereas others have already been put into practice. The use of the EMG 
signal frequency shift, however, is far from routine. Some of these 
applications are seen below. 

Athletic Training. The effects of athletic training and exercise on 
muscle fiber metabolism and architecture are currently an issue of 
considerable discussion. Numerous studies have been reported, with a 
variety of conflicting results. For a review of these details, the reader is 
referred to an article by Salmons and Henriksson (1981). As discussed 
in previous sections, these modifications within the muscle are theoreti- 
cally accompanied by corresponding observable changes in the frequency 
spectrum of the EMG signal. 

Industrial Applications. The use of the frequency shift as an indicator 
of localized muscular fatigue has been applied in the field of ergonomics 
(Broman et al, 1973; Kadefors et al, 1976; Petersén et al, 1976). Herberts 
et al (1979) and Hagberg (1979, 1981a) have studied the effect of 
elevated arm positions on localized muscular fatigue in the shoulder 
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muscles, which is experienced by workers in a variety of work environ- 
ments. Each study concluded that the change in the EMG signal power 
density spectrum is useful for measuring the progression of fatigue as a 
function of arm position. In fact, Herberts et al (1979) suggest a pre- 
ferred position to minimize the “sensation” of fatigue. 

The technique may conceivably be used to distinguish between psy- 
chological fatigue derived from boredom and physiological fatigue de- 
rived from sustained effort in a work station. It is conceivable that this 
technique may prove useful in designing work stations in which individ- 
uals may comfortably and productively interact with their tasks. 

Physical Therapy. In rehabilitation programs involving muscle reedu- 
cation and exercise, it is often necessary to assess the effectiveness of a 
prescribed physical therapy program. Manual muscle tests are currently 
the primary procedure for determining muscular strength and the pro- 
gression or regression of strength. Yet, these tests are subjective, and 
their accuracy depends on the training, skill, and experience of the 
clinician performing the examination (Kendall et al, 1971). Ina relatively 
recent report, Edwards and Hyde (1977) stated that there are no quan- 
titative methods for measuring muscle function in clinical use today for 
the diagnosis and management of patients complaining of weakness. | 

During a physical therapy session, it might be possible to assess the 
response of the impaired muscle(s) to treatment by measuring the fre- 
quency shift. If a characteristic frequency obtained from the impaired | 
muscle decreases, then the muscle is indeed being exercised and is | 
undergoing a fatigue process. If, on the other hand, the characteristic 
frequency does not change, it may indicate that the muscle is not being 
adequately exercised and/or the unaffected synergists are generating 
most of the force. When a muscle or a group of muscles is weakened, 
there is a tendency for subtle shifts in the pattern of muscle activity to 
occur to enable the synergistic muscles to generate the required force. 
This is known as “muscle substitution,” and it denies the impaired muscle | 
the intended exercise. Muscle substitution is difficult to detect by current | 
manual testing, which depends greatly on the experience of the clinician. | 
With the frequency shift technique, muscle substitution might be ob- 
served by noting a modification in the behavior of a characteristic 
frequency. For example, if a characteristic frequency obtained from a 
muscle decreases and then abruptly levels off or begins to increase 
without a decrease in force output, it may indicate that other muscles 
are now generating most of the force, allowing the impaired muscle to 
relax in a relative sense. This information alone would make the fre- 
quency shift technique a useful aid for the physical therapist. 

The effectiveness of a prescribed treatment program could be deter- 
mined by changes in the behavior of the characteristic frequency ob- 
tained during a series of treatments. Possibly, both the time constant of 
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decay and/or the percentage decrease in the characteristic frequency 
obtained from a sustained contraction should increase with the number 
of trial sessions. If the muscle is severely atrophied at the start of the 
therapy, then the initial value of the characteristic frequency may also 
change significantly over several of the initial test sessions. 

Diagnosis and Prognosis of Neuromuscular Disorders. The effective- 
ness of the use of the EMG signal in the assessment of neuropathic and 
myopathic disorders has often been investigated. The level of these 
investigations has included: single fiber electromyography promoted by 
Stalberg and his coworkers (Stalberg et al, 1975; Schwartz et al, 1976); 
so-called quantitative electromyography (Buchthal et al, 1957) based on 
the temporal characteristics of the MUAPs and other factors observable 
with signals obtained with needle electrodes; macroelectromyography 
based on information obtained by a needle electrode with considerably 
large pickup area (Stalberg, 1980); and also frequency analysis of the 
EMG signal (Larsson, 1975; Kopec and Hausman-Petrusewicz, 1966). 

Larsson (1975) studied neuropathies induced by lesions of the periph- 
eral motoneurons. His results suggest that the spectrum of the EMG 
signal is shifted into lower frequencies in neuropathies with a clinical 
history of at least 6 months. Since a characteristic frequency is sensitive 
to the “average” shape of the MUAPs, changes in the characteristic 
frequency may be useful in following the development of the disorder. 
The opposite effect on the shape of the MUAPs is characteristic of 
myopathies, that is, they are generally shorter in duration than normal 
and are more often polyphasic (Kugelberg, 1947). Each of these factors 
leads to a shift of the spectrum into higher than normal frequencies, 
which has been confirmed by Kopec and Hausman-Petrusewicz (1966). 

For a measure of the characteristic frequency to be useful in the 
diagnosis or prognosis of either type of disorder, the frequency shift 
must be measurably greater than that which is normally expected due to 
the stochastic nature of the signal. However, if the disease is known to 
be present or is suspected, then the change in the characteristic frequency 
obtained from subsequent examinations may be useful in monitoring the 
progression or regression of the disorder. 

Other Clinical Applications. One interesting application of the EMG 
signal frequency shift has been in the assessment of diaphragm fatigue. 
In this particular case, contractile fatigue is inconvenient to measure and, 
moreover, provides a rather late assessment of the functional capability 
of the diaphragm. Researchers in Canada (Bellemare and Grassino, 1979; 
Gross et al, 1979; and Solomon et al, 1979), as well as researchers in the 
USA (Lynne-Davies et al, 1979; Schweitzer et al, 1979) have investigated 
this possible application. In particular, Solomon et al (1979) have indeed 
shown that metabolic fatigue, as indicated by the frequency shift of the 
EMG signal, occurs before contractile fatigue. Hence, they proposed to 
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use a measure of this shift to set the resistance to breathing for safely 
exercising the diaphragm in quadriplegic patients. 

Ladd et al (1982) suggested that a measure of the mean frequency 
could be used to monitor the progression of peripheral nerve regenera- 
tion. This possibility is based on the concept that different muscle fiber 
populations and/or different motor unit architectures would emerge 
throughout the regenerative process. Such a concept has merit; however, 
serious consideration should be given to the accompanying modifications 
of the vascular network in the reinnervating muscle, because it may 
influence the quantity of acidic by-products which are retained in the 
muscle. 

One area that has not yet been explored for possible consideration, 
but which from a logical perspective holds promise, involves peripheral 
vascular diseases. The diminished capacity of the vascular network to 
remove acidic by-products from contracting muscles in limbs decreases 
the pH within the muscles (O’Donnell, 1975); hence, the characteristic 
frequency would reflect this decrease by a corresponding decrease in its 
value. 

Basic Research. It is self evident that the use of the frequency shift in 
this area of investigation holds a myriad of possibilities and applications. 
The process(es) of localized muscular fatigue are numerous and appar- 
ently complex, requiring a host of techniques for its study and analysis. 
The frequency shift is a prime candidate because of its noninvasive 
nature and its direct and indirect relationship(s) to physiological, anatom- 
ical, and biochemical events and modifications within the muscle. To 
date, very little work of this nature has been reported in the literature. 
Preliminary reports by Sabbahi et al (1979) and Merletti et al (1984) 
provide some data indicating that the median frequency of the EMG 
signal is affected by a decrease in temperature and ischemic conditions 
in the muscle. Preliminary reports by Rosenthal et al (1981) and Hakki- 
nen and Komi (1983) have indicated that there might be a relationship 
between the fiber type composition of a muscle and the value of the 
median and mean frequencies. If this initial observation is substantiated, 
the technique could provide a noninvasive alternative to muscle biopsy. 


CHAPTER 9 


Muscle Interactions 


In this chapter, we shall consider several concepts and studies con- 
cerned with the involvement and interaction of muscular action. The 
concepts deal with matters of fundamental importance. 

Before proceeding it will be useful to clarify some points which will be 
encountered in the text. A muscle is a contractile organ; it can only 
generate tension and, hence, can only pull. Thus, at least two opposing 
muscles are required to control the simplest possible joint functionally. 
The agonist muscle is the muscle which initiates a desired contraction; 
thus, it is the prime mover muscle. The antagonist muscle is any muscle 
which actively provides a negative contribution to a particular function 
during a contraction. A synergist muscle actively provides an additive 
contribution to a particular function during a contraction. Thus, the 
classification of any given muscle in these categories is entirely dependent 
on the attempted movement or task. 


COACTIVATION AND RECIPROCAL INHIBITION 
Antagonist Muscles 


Every joint is acted upon by muscles which generate forces in opposite 
directions. Therefore, it is possible to control separately both the torque 
and the stiffness (force/length) of the joint. The net torque which may 
be monitored at the joint is the difference of the torques of the agonist 
and antagonist sets. The stiffness is the sum of the individual stiffness of 
the agonist and antagonist sets. Thus, the value of these variables will 
range from high torque and low stiffness to zero torque and high stiffness, 
depending on the relative activation of the agonist and antagonist sets. 
If both agonists and antagonists are activated simultaneously (coactiva- 
tion), the stiffness of the joint will be high, the net torque low. If the 
antagonists are relaxed (reciprocal inhibition), the net torque will be 
high. 

The description and explanation of the relative involvement of these 
two modalities of motor control has captured the interest of many 
investigators during the past century. 

Four mechanisms have been found to govern the contractions of an 
agonist-antagonist muscle set. These are: centrally mediated reciprocal 
inhibition; centrally mediated coactivation; peripherally mediated recip- 
rocal inhibition; and peripherally mediated coactivation. 

Some of the earliest and surely influential work on this subject was 
performed by Sherrington (1906, 1909). He demonstrated the existence 
of centrally mediated reciprocal inhibition when he applied electrical sti- 
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muli to specific areas of the motor cortex of a cat and noted that some 
muscles contracted while their antagonists relaxed. Sherrington also 
observed that in decerebrate cats, one stimulus applied peripherally 
elicited opposite reactions in an agonist-antagonist muscle set. This led 
him to postulate the concept of peripherally mediated reciprocal inhibition. 
(Some of the muscle sensors and neural pathways which are involved in 
these segmental reflexes have been described in Chapter 5; see Fig. 5.1 
for details.) Although Sherrington elaborated on the concepts of recip- 
rocal inhibition, he did recognize that agonist-antagonist sets could be 
volitionally excited to contract at the same time. This centrally mediated 
coactivation is a realizable and, at times, used control strategy. 

A relatively recent finding in this area has been the existence of 
peripherally mediated coactivation. This mechanism was first reported by 
Fényes et al (1960). They observed a reflex response in both agonist and 
antagonist muscles in response to a tendon tap in premature babies and 
very young normal children. Less powerful demonstrations of this phe- 
nomenon have also been reported in normal adult individuals (Rao, 
1965; Agarwal et al, 1970; Gurfinkel’ and Pal’tsev, 1972 and 1973; 
Kudina, 1980). The phenomenon appears to be pronounced in spastic 
patients, be they children (Kenney and Heaberlin, 1962; Feldkamp et al, 
1976; Myklebust et al, 1981) or adults (Gottlieb et al, 1982). It is 
important to note that the current understanding of this phenomenon is 
very limited and somewhat insecure. For example, Rao (1965) admits 
that although peripherally mediated coactivation may be elicited in 
response to a tendon tap, peripherally mediated reciprocal inhibition is, 
nonetheless, unquestionably involved in the execution of normal volun- 
tary actions. Gottlieb et al (1982) reported that the neural pathway 
involved could be short latency oligosynaptic or even possibly monosyn- 
aptic. The insecurity is further reflected in the appellation of the phe- 
nomenon Fényes et al (1960) referred to as a “co-reflex.” Gottlieb et al 
(1982) called it a “reciprocal exictation.” We prefer the term peripherally 
mediated coactivation. This appellation established a parallelism between 
coactivation schemes of central and peripheral origin. 

Sherrington’s dual observation has led to an active debate concerning 
central versus peripheral influences in agonist-antagonist muscle control. 
Lasheley (1951) pointed out that there are examples of motor tasks 
involving movements that are too rapid to be controlled by propriocep- 
tive afferent cues from the moving limb. In such cases a central program 
would be required to generate the pattern of excitation and inhibition 
needed to produce these movements. 

The involvement of higher centers in affecting reciprocal inhibition 
has been reasserted. For example, Cheney et al (1982) recorded from a 
single motor cortex cell in awake monkeys during wrist flexion-extension 
movements and used spike-triggered averaging techniques on the EMG 
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signal to test the effect of each cell output on both agonist and antagonist 
forearm muscles. They concluded that the synaptic terminations of some 
motor cortex cells with flexor and extensor spinal motoneurons are 
reciprocally organized. Along the same line of investigation, Terzuolo 
et al (1973a and b) demonstrated that in ballistically initiated movements 
performed by monkeys, the agonist-antagonist reciprocity is eliminated 
after cerebellar ablation. These results have been confirmed by studies 
of human patients with cerebellar lesions (Hallett et al, 1975b). These 
studies suggest that separate systems control cocontraction and reciprocal 
inhibition in antagonist muscles. They also support the idea, originally 
suggested by Tilney and Pike (1925), that the cerebellum plays an 
important role in switching from reciprocal inhibition to cocontraction. 

Subsequent studies (Hufschmidt and Hufschmidt, 1954; Barnett and 
Harding, 1955; Basmajian, 1957 and 1958; Bierman and Ralston, 1965; 
Gottlieb et al, 1970; Patton and Mortensen, 1970; Terzuolo et al, 1973a 
and b; Terzuolo and Viviani, 1974; Simoyama and Tanaka, 1974; Hallett 
et al, 1975a; deSousa et al, 1975; Morin et al, 1976; Jacobs, 1976; Hallett 
and Marsden, 1979; Brown and Cooke, 1981a and b; Ghez and Martin, 
1982; and others) have all shown that, during rapid movements, the 
activity of both agonist and antagonist muscles displayed a triphasic 
pattern: an initial burst of agonist activity with the antagonist silent (limb 
acceleration), followed by a reduction of agonist activity with burst of 
activity in the antagonist (limb deceleration), and a subsequent resump- 
tion of agonist and antagonist activity. This sequence of activity may be 
seen in Figure 9.1, where the rectus femoris is the agonist and biceps 
femoris is the antagonist. The generally accepted explanation for this 
triphasic sequency is that the nervous system avoids damage which might 
result from the explosive force being generated by the agonist muscle 
during ballistic contractions. 

Most of these studies on ballistic movements indicate that if the subject 
is instructed to precontract the antagonist muscle against a fixed load 
and to activate the agonist as quickly as possible, the earliest sign of the 
rapid voluntary movement is not the activation of the agonist with a 
rapid burst, but rather the inhibition of the antagonist muscle. This has 
been referred to as the silent period. 

Hallett et al (1975a) suggested that in ballistic movements the triphasic 
putter is originated by purely “preprogrammed” signals with little influ- 
ence from the periphery. Conversely, Angel (1977) did not support the 
notion of complete preprogramming of the agonist-antagonist triphasic 
pattern of activation, arguing that the contraction is affected by feedback 
signals from the periphery. Pursuing the same point, Jacobs et al. (1980) 
analyzed the latencies between cessation of agonist (triceps) and initiation 
of antagonist (biceps) EMG signal activity during rapid, voluntarily, and 
involuntarily terminated movements with variable peripheral loads. 
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Figure 9.1. EMG of rectus femoris and biceps femoris during passive and active 
flexion of the knee. (From W. Bierman and H.J. Ralston, © 1965). 


From the measured latencies, they concluded that both spinal and 
supraspinal control mechanisms are necessary in regulating agonist- 
antagonist functions. Chez and Martin (1982) come to a similar conclu- 
sion. They studied the EMG activity associated with rapid limb move- 
ments in the cat and concluded that, in the triphasic activity pattern, the 
antagonist burst and the subsequent agonist burst represent responses to 
muscle stretch whose amplitude is modulated by descending commands. 

Waters and Strick (1981) studied the EMG activity in human subjects 
required to track a visual target, with ballistic movements of a hand 
manipulandum. They concluded that antagonist muscle activity during 
ballistic movements may be infuenced by the subject’s movement strat- 
egy. Our work is consistent with this observation. We have noted that 
during an isometric constant-force contraction in which the antagonist 
muscles are not active, the strategy used to stop the contraction differs, 
depending on the requirements of the individual. If the contraction may 
be terminated with no time constraints, the agonist simply relaxes, and 
the contraction ends. If the contraction is to be terminated faster than 
the agonist can relax, then the antagonist becomes active to achieve the 
task. This behavior may be seen in Figure 9.2. 

Lagasse (1979) suggested that separate motor systems control speed 
and force, and that, while the interaction between agonist and antagonist 
muscle is fundamental for maximal speed of joint movement, it is 
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Figure 9.2. Two examples (A and B) of the raw EMG signals from the extensor 
pollicis longus (upper traces) and from the flexor pollicis longus (lower traces) 
during an attempted constant force isometric contraction at 60% of maximal 
voluntary contraction (MVC) in flexion. The central traces represent the net 
output force measured at the thumb distal phalanx, and the downward direction 
indicated flexion. Note that as the force decrease at the end of the contraction 
becomes more rapid, the antagonist (extensor) contracts in example B. 


relatively unimportant in static force generation. This point of view is 
consistent with the results of numerous investigations of a group of 
French coworkers (Goubel and Bouisset, 1967; Bouisset and Goubel, 
1967; Lestienne and Bouisset, 1968; Goubel et al, 1968; Pertuzon and 
Lestienne, 1968; Lestienne and Goubel, 1969; Bertoz and Metral, 1970). 
In summary, they found a pattern of responses in which low unsustained 
activity occurs in antagonists at low speeds of voluntary flexion and 
extension of the elbow; at middle speeds, there were successive activities 
in the agonist and antagonist, including common electrical silence; at 
high speed of flexion and extension, there was partial overlapping of 
phasic activities in agonist and antagonist. They focused their attention 
not on the speed per se but on the tension in the agonist. 
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It is generally accepted that slow movements are under peripheral 
influence at least in the process of learning new skills (see Desmedt, 
1978a). However, Polit and Bizzi (1979) showed that trained deaffer- 
ented (dorsal root severed) monkeys can perform arm target-acquisition 
movements in the presence of external mechanical disturbances and in 
the absence of afferent feedback. This was thought to be possible because 
a given level of coactivation of agonist and antagonist muscles defines an 
equilibrium position for the joint. Modifications in this level of activation 
will change the equilibrium position. The work of Day et al (1981) 
conflicted with this interpretation; their results showed that target ac- 
quisition with the thumb distal phalanx in a deafferented patient could 
not be properly achieved in the presence of external mechanical distur- 
bances. In a later study, Bizzi et al (1982) argued that posture control 
could indeed be achieved by presetting the level of coactivation of 
antagonist muscles; however, during movements there is also active 
control of the trajectory, in addition to control of final position. Thus, 
some control algorithm other than simply presetting agonist-antagonist 
activation is used during movement. 

In primates, the isometric clasping functions of the hand are good 
examples of cocontraction of antagonist muscles. Extensive EMG-signal 
studies of the forearm and the hand during both power grip and precision 
grip have shown that almost all the extrinsic (finger and hand muscles 
located in the forearm) and intrinsic (finger muscles located in the hand) 
muscles are active when large forces are exerted during gripping (Bas- 
majian, 1978; Long et al, 1970; Rash and Burke, 1974). 


Synergist Muscles 


It is a self-evident fact that the contraction of any one muscle may be 
accompanied by the synergistic activity of a companion muscle acting on 
the same joint. 

Such activity is particularly evident in mechanically complicated joints 
surrounded by small muscles. An example of this type of synergistic 
behavior is found in the work of Weathersby (1966), who reported 
considerable activity in certain forearm flexors during ordinary move- 
ments of the thumb. 

What is less apparent, but nonetheless instinctively obvious, is the often 
noted synergistic activity in other muscles to stabilize adjacent joints. 
Gellhorn (1947) demonstrated the role of far-removed synergists in 
movements of the wrist. While flexor carpi radialis was activated in very 
slight flexion of the wrist, triceps brachii became active with the increas- 
ing effort in the prime movers (the extensors of the wrist remaining 
relaxed meanwhile). Only with very strong static flexion of the wrist 
would activity—and that only occasionally—appear in the antagonists. 

Using as a model the act of prehension of the hand, Livingston et al 
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(1951) of Paris demonstrated the plasticity of synergists during voluntary 
movements. Thus, the interplay of activity of the flexors of the fingers 
and of the thumb with those of the forearm was shown during normal 
activity to vary significantly, depending on the information of peripheral 
origin, e.g., position of joints, angle at which the synergists act, the 
nature of objects grasped, etc. 

Missiuro and Kozlowski (1961) illustrated the ultimate plasticity of 
synergists. In a study of rabbit muscle transplanted to the place of its 
“antagonist,” they found the transplant took on the function of the 
anatomical and functional antagonist. Obviously the nervous system is 
able to adapt readily to such changes. 


Effect of Training 


It has been shown that the control strategy for activating the individual 
motor units in a given muscle does not alter with training (De Luca et 
al, 1982a, b). Thus, it may be concluded that the interaction of muscles 
must be altered with training; otherwise, individuals would not be able 
to improve their performance with practice. 

One of the earliest studies on this topic was performed by the Russian 
physiolgoist Person (1958), who analyzed the EMG signal of the biceps 
and triceps brachii while subjects were being trained in certain types of 
work (e.g., chopping and filing). Before the training, the rhythmical 
flexion and extension of the elbow were effected by exuberant, appar- 
ently wasteful activity of the antagonist which is overcome by the greater 
activity of the agonist. With training, there is a progressive inhibition of 
the antagonist during the movements of flexion and extension until, with 
advanced training, the inhibition becomes complete. Kozmyan (1965) 
found that the latency of antagonist inhibition and agonist excitation 
varied most frequently during movements responding to nonrhythmic 
stimulation. With rhythmic repetitive movements, the latencies as well 
as dissociation of reciprocal inhibition diminished. Thus, inhibition of 
the antagonist muscles was to be expected in rhythmic activity with any 
element of supraspinal control or learning. Bratanova (1966) of Sofia 
found essentially the same thing with rhythmic activity of biceps and 
triceps brachii. In the “training” stages, coactivation was common appar- 
ently as the result of excitation radiation, but later it was extinguished. 
Kamon and Gormley (1968) and Hobart and his colleagues (see, for 
example, Hobart et al, 1975) also confirm these views in their studies of 
changes that occur in motor functions during the acquisition of novel 
throwing tasks. Similar findings have been reported by Lloyd and Voor 
(1973) for the acquisition of a special skill during competition. 

The diminution of antagonist activity as a function of training com- 
fortably explains the results of Ciriello (1982) and Kaman (1983). Ciriello 
noted that subjects who were requested to practice strenuous flexion- 
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extensions of the knee daily demonstrated a continual rise in the torque 
output during the first 6 days, followed by a subsequent plateau. Biopsies 
of the vastus lateralis revealed no statistically significant alteration in 
fiber area or type. Kamen studied the task of producing maximal vol- 
untary force at a joint in isometric conditions. He also found that the net 
force measured at the joint increased daily for 6 days. It is surprising 
how often one finds that modification in the interaction of the agonist- 
antagonist musculature explains the results of numerous biomechanical 
studies reported in the literature. 

It can be argued that the most widespread training regimen is one that 
involves daily activities of living. Thus, the basic process of physically 
interacting with our environment should provide the nervous system 
with information to modify the reciprocal inhibition control scheme. 
Such a progression is found in the performance of aging infants and 
children. 

Among others, Janda and Stara (1965) demonstrated that in children 
a high incidence of grouped responses in a predictable pattern exists, 
even in muscles that are far removed from those which produce a 
required movement. As children mature this overactivity disappears and 
is generally absent in normal adults. It reappears in adults under psycho- 
logical stress, but people can be trained to inhibit it to varying degrees. 
Gatev (1967), working independently, also found that as infants mature 
the excessive cocontraction typical of childhood diminishes progressively. 
This appears again to be the result of learned supraspinal control 
eliminating “undersirable” or “useless” coactivation. A group of Moscow 
investigators, led by Yusevich (see, for example, Okhnyanskaya et al, 
1974), attribute normal motor hyperactivity in infants and children to 
synkinesis or synergies of suprasegmental origin, pointing out the fact 
that they normally disappear by the time a person is adult. 

It is the confirmation of these observations which provides the basis 
for exercises and training regimens that constitute the rehabilitation 
programs administered to patients afflicted with various forms of spastic- 
ity. In such patients, the normal inhibitory pattern often is found to be 
dysfunctioned. (For an example, see Fig. 9.3.) 


Protective Muscular Responses 
A number of reflex phenomena have been demonstrated with EMG. 
Carlsé6 and Johansson (1962) showed that when subjects fall to the 
ground on the outstretched hand all the muscles which surround the 
elbow joint are “strongly activated some tenths of seconds before the 
hand touches the surface.” Consequently the musculature is prepared to 
protect the joint. This is partly a conditioned reflex and partly an 
unconditioned reflex arising from tonic neck and labyrinthine reactions. 
Independently Watt and Jones (1966) found rather similar results in 
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the lower limb. EMG activity in gastrocnemius began 80 ms before and 
40 ms after the landing impact of the foot. They suggested that there is 
“a preprogramed open-loop sequence of neuromuscular activity virtually 
unaided by myotatic feedback.” Myotatic reflexes were found to play no 
significant role in the decceleration, for they came much too late. 

Jones and Watt (1971) later showed by EMG that the human gastroc- 
nemius has a stretch reflex (which they called the functional stretch 
reflex) elicited by a sharply applied and maintained dorsiflection at the 
ankle; it occurs after a 120-ms delay. Gravitational forces elicit a “body 
jerk” in muscles of the trunk and lower limbs whenever external force is 
removed suddenly (Denslow and Gutensohn, 1967). O’Connell (1971) 
has demonstrated the effect of sensory deprivation on the ability of the 
human being to achieve the erect posture when he is dropped vertically 
some moderate (but to him unknown) distance. 


SUMMARY OF THIS SECTION 


In this section we attempt to identify specific conditions of motor 
control which may be associated with the control strategies discussed 
thus far. 

Although reciprocal inhibition may be demonstrated as either central 
and/or peripheral in origin in specific animal preparations, no such 
distinction can yet be made during the execution of purposeful voluntary 
contractions. Therefore, the two phenomena will be presented con- 
junctly as reciprocal inhibition. It appears to be present in: 
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1. Rhythmical motor process, such as mastication, locomotion, respiration, 
where the activity of the agonist-antagonist muscles set alternates. (This is 
most likely peripherally mediated.) 

2. High velocity (near ballistic) limb movements. In these cases, a triphasic 
pattern is noted. First, the agonist contracts to accelerate the limb; then 
the agonist becomes inactive while the antagonist muscle contracts to 
decelerate the limb; and finally, if the joint requires further restraint the 
agonist and antagonist cocontract. 

3. Contractions where an external resistance prevents displacement of the 
joint by the agonist (except in isometric prehension). 


Coactivation, be it central and/or peripherally mediated, appears to 
be associated with the performance of tasks which require assurance that 
they be realized effectively. In a sense it’s an insurance mechanism. It 
appears to be present in: 

1. Isometric prehension. 

2. Contractions during situations when a joint is required to be stiff, such as 
when balance is insecure or when large forces are expected to traverse a 
joint. 

3. Contractions where the force or torque at the joint must decrease faster 
than the relaxation rate of the agonist muscles. 

4. Unskilled movements. It has been found to diminish as a function of 
training. 

5. The earlier stages of our lives. It is generally more prominent in infants 
and children. 

6. Patients afflicted with spasticity. 


TWO-JOINT MUSCLES 


A two-joint muscle is one that not only crosses two joints but is also 
known to have an important action on both. The best examples are 
found in the thigh, crossing the hip and knee joints—rectus femoris, the 
hamstrings, gracilis and sartorius —but the anatomist is soon reminded 
that such important muscles as gastrocnemius, biceps brachii, and the 
long head of triceps also cross two joints. Moreover, the tendons of many 
muscles of the forearm and leg cross an even larger number of joints. 
Generally, however, there is little confusion about the significant actions 
and functions of this last group, and the unsolved problems are centered 
more on the functions of the simple two-joint muscles. For lack of exact 
knowledge about these functions, they are usually dealt with superficially 
and, at best, theoretically. 

Markee and his associates (1955), basing their conclusions on dissec- 
tions of human cadavers and nerve-stimulation studies in dogs, stated 
that two-joint muscles of the human thigh can act at one end without 
influencing the other end. This is an astonishing concept that appeared 
to run directly against the logical understanding of muscular action. The 
explanation they offered is that the middle of the muscle bellies may be 
moored in various ways and the pull on each end can then be from the 
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middle. If this were true, the functional implications would be extremely 
interesting and important, and the clinical applications would be obvious. 

We tested the above thesis. A series of normal male volunteers were 
examined electromyographically, using a row of 3 to 5 needle electrodes 
in each muscle examined (Basmajian, 1957a). In the analysis of the 
activity in the proximal, middle, and distal parts of the muscles we 
consider significant movements of the hip (proximal) joint and the knee 
(distal) joint, disregarding whether these are flexion or extension. In 
none of the muscles tested was there greater activity in the proximal part 
of the muscle when the proximal or hip joint was acted upon (Figs. 9.4 
and 9.5). Only one muscle in one subject, a semitendinosus, showed 
greater activity in the distal part when the distal joint (knee) was acted 
upon (the formula being middle > distal > proximal). However, this 
particular muscle showed the same formula with movements and postures 
of the hip, thus indicating that it has a relatively constant pattern, 
regardless of the joint moved (Basmajian, 1975a). Miwa et al (1963) 
confirmed these findings in a similar study. 

The thesis put forward by Markee and his colleagues appeared at first 
to be attractive and important, but the electromyographic results showed 
that it is completely untenable in the case of normal human two-joint 
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Figure 9.4. EMGs of three parts of one subject’s rectus femoris during hip 
flexion and knee extension (with other joint “relaxed”). (From J.V. Basmajian, © 
1957, Anatomical Record.) 
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Figure 9.5. EMGs of three parts of one subject’s semitendinosus during hip 
extension and knee flexion (with other joint “relaxed”). (From J.V. Basmajian, © 
1957, Anatomical Record.) 


muscles. In fact, the evidence is overwhelmingly in favor of the orthodox 
view. These muscles pull directly from one end to the other simply 
because all parts of the muscle belly contract together, the greatest 
activity being at the middle of the belly. What has been said above is not 
true for muscle bellies in parallel or parallel heads of large muscles. For 
example, in another study we have demonstrated that the two heads of 
biceps brachii may act relatively independently (Basmajian and Latif, 
1957). 

To clarify the unresolved problem of how reciprocal innervation 
appears in a two-joint muscle that is being elongated (stretched) at one 
end and simultaneously shortened (activated) at the other, we studied 
the rectus femoris and medial hamstrings (Fujiwara and Basmajian, 
1975). In 10 healthy volunteer adults, we inserted bipolar wire electrodes 
into rectus femoris and the medial hamstrings, as well as the iliopsoas, 
vastus medialis, and gluteus maximus. For iliopsoas, the wire electrodes 
were situated in fleshy fibers near the hip joint, and for the other four 
muscles, the electrodes were in the middle of their bellies. 

Each subject lay in a supine position, and the leg was suspended in a 
sling with a balancing weight so that the hip and the knee were held 
passively flexed at right angles. The subject was ordered to maintain his 
limb in this position against new forces exerted by adding 5-kg weights. 
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These forces were directed to make: (1) the hip or the knee extend or 
flex as a monoarticular motion; (2) the hip and knee extend simultane- 
ously; (3) the hip extend and the knee flex; (4) the hip flex and the knee 
extend; and (5) the hip and knee both flex as a biarticular motion. Thus, 
the reactive contraction included both isometric and isotonic elements. 

Monoarticular motions of the hip or the knee (Fig. 9.6). Iliopsoas was 
active in hip flexion and knee extension. Rectus femoris was active in 
hip flexion and in knee extension, the activity being rather prominent 
in knee extension. Vastus medialis was active not only in knee extension 
but also in hip extension. Gluteus maximus was active in hip extension. 
More activity was observed from the medial hamstrings in knee flexion 
than in hip extension. 

Biarticular motions (Fig. 9.7). Iliopsoas showed activity in simultaneous 
hip and knee flexion, and hip flexion with knee extension. Vastus 
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Figure 9.6. EMGs in monoarticular motions (10 subjects). (From M. Fujiwara 
and J.V. Basmajian, © 1975, American Journal of Physical Medicine.) 
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Figure 9.7. EMGs in biarticular motion (10 subjects). (From M. Fujiwara and 
J.V. Basmajian, © 1975, American Journal of Physical Medicine.) 


medialis showed activity only in the motions that included knee extension 
and gluteus maximus in hip extension with knee flexion. During hip 
flexion with knee extension, we found maximal activity from rectus 
femoris in all subjects. Activity of rectus femoris was less in knee exten- 
sion with hip flexion than in knee extension without hip motion, and no 
activity was observed in hip flexion with knee flexion. The other two- 
joint muscles, the medial hamstrings, showed maximal activity during 
hip extension with knee flexion; however, less activity occurred during 
knee flexion combined with hip flexion, and no activity in hip extension 
combined with knee extension. 

The activity of two-joint muscles more or less influences both joints. 
If one joint is stabilized by other muscles, the actual kinetic effect would 
be limited on the second joint. Monoarticular motions involving two- 
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joint muscles are a result of a coordination with other muscles. Alone, a 
two-joint muscle cannot work as a one-joint muscle. 

In countercurrent movements (Fig. 9.8), rectus femoris and the medial 
hamstrings show maximum activity. However, in concurrent movements 
(Fig. 9.9), the activity of the two-joint muscle is not the simple sum of 
the activity of two monoarticular motions. Two examples: (1) rectus 
femoris shows activity in hip flexion (Fig. 9.8) but not in hip flexion 
accompanied by knee flexion (Fig. 9.9), and (2) rectus femoris works as 
a knee extensor, but when hip extension accompanies knee extension, 
almost all rectus activity disappears (Fig. 9.9). 

In example (1), the activity of rectus femoris muscle is completely 
depressed to allow knee flexion. In example (2), the activity of rectus 
femoris is depressed for hip extension, and the vastus muscles compensate 
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Figure 9.8. (A) Hip flexion and knee extension. Biarticular motion—counter- 
current movement (modified after Frost). (B) Hip extension and knee flexion. 
Biarticular motion—countercurrent movement (modified after Frost). (From M. 
Fujiwara and J.V. Basmajian, © 1975, American Journal of Physical Medicine.) 
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Figure 9.9. (A) Hip flexion and knee flexion. Biarticular motion—concurrent 
movement (modified after Frost). (B) Hip extension and knee extension. Biarti- 
cular motion—concurrent movement (modified after Frost). (From M. Fujiwara 
and J.V. Basmajian, © 1975, American Journal of Physical Medicine.) 


for it to maintain or produce knee extension (Fig. 9.9). Depressed activity 
of rectus femoris in concurrent movements is in response to a mechanical 
demand to flex the knee or to extend the hip. From the neurological 
standpoint, this may be called an antagonistic inhibition of reciprocal 
innervation. Contraction of rectus femoris influences knee extension 
more than hip flexion. Like the rectus femoris, the medial hamstrings 
are also depressed in some concurrent movements, and they are knee 
flexors more than hip extensors (Fig. 9.9) (Fujiwara and Basmajian, 
1975). 

To summarize: The effect of contraction of two-joint muscles is never 
limited to one joint; whenever a two-joint muscle participates in a 
monoarticular motion its role shifts in close coordination with the other 
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muscles. In biarticular concurrent motion the activity of the rectus 
femoris and the medial hamstrings is inhibited when they are antagonists, 
especially where motion of the knee is concerned. 

Related conclusions were drawn from a different approach by Ya- 
mashita (1975) of Kyoto University. He was concerned most with mech- 
anisms that generate and transmit resultant leg extension forces by 
maximal isometric contractions in two directions while the hip and knee 
are kept at 90°. Single-joint muscles were most active when they crossed 
the joint where they limit extension force. Two-joint muscles were only 
moderately active then, even though the forces applied were great. 

It may be argued that, in spite of the normal findings, occasions may 
arise when the proximal or distal part of a two-joint muscle does act 
independently. Such occasions must be very rare indeed. In fact, in upper 
motor neuron disease the reverse is seen. In such cases the patient 
employs mass response of many neighboring, and often unrelated mus- 
cles. It is difficult to imagine his employing one isolated muscle, let alone 
the proximal or distal half of one. 

Carlsé6 and Molbech (1966) attempted to answer the underlying 
principle of two-joint muscles by comparing a number of them in the 
thigh both in free movements and during bicycling. In bicycling, during 
one revolution the effect of a muscle contraction can change from a 
flexing to an extending effect in the case of hamstrings and gastrocne- 
mius. With the latter, during the knee extension of pedaling there is 
paradoxical activity, and Carlsoo and Molbech feel that this is part of a 
steered movement in a closed kinematic chain. 

Finally, we must admit that under artificial experimental conditions, 
proximal and distal parts of two-joint muscles can be made to contract 
independently with relatively isolated effects. To accept this observation 
there is no need to invoke species differences, and probably it would be 
reproducible in a human “preparation” if such were available. 


MUSCLES SPARED WHEN LIGAMENTS SUFFICE 


Hardly any informed person would doubt that when gravity acts on 
the upper limb, and certainly when the limb carries a heavy load, muscles 
are the chief agents in preventing the distraction of the joints. Yet, as a 
result of many studies, we have concluded that this is a false belief. The 
original study (Basmajian and Bazant, 1959) involved the shoulder joint. 
Subsequent studies extended our observations to include the elbow 
region. 

Essentially, the fundamental conclusions can be made that ligaments 
play a much greater part in supporting loads than is generally thought 
and, in most situations where traction is exerted across a joint, muscles 
play only a secondary role. A review of experiments on the foot (discussed 
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on p 349) adds further confirmation to the idea that normally ligaments, 
and not muscles, maintain the integrity of joints. 

Our broader studies in the shoulder and elbow region will be described 
in greater detail below (p 273), and the full details have been published 
previously (Basmajian and Latif, 1957; Basmajian and Bazant, 1959; 
Basmajian, 1961). This electromyographic investigation dealt with su- 
praspinatus, infraspinatus, deltoid, biceps, and triceps muscles in a series 
of normal persons. In the case of the deltoid, the needle in the anterior 
fibers was 5 cm below the lateral end of the clavicle; that in the middle 
fibers was 5 cm below the lateral border of the acromion; and that in 
the posterior fibers was about 7.5 cm below the spine of the scapula. 
The electrodes in the supraspinatus and the infraspinatus were placed in 
or near the middle of their bellies. The electrodes in the biceps were 
placed in the middle of the muscle whereas those in the triceps were 
placed in the middle of its long head. 

The subject was seated upright with his arm hanging in the relaxed 
neutral position (the forearm midway between pronation and supination). 
Two types of load were added to the subject’s arm. The first of these 
was a load of about 7 kg (lead weights held in the hand to the limit of 
individual endurance which proved to be a variable factor). The other 
load, less precise but more effective, was a sudden heavy sustained 
downward pull by one of the observers on the subject’s hanging arm. In 
five persons a longitudinal pull was applied to the arm which had been 
abducted to the horizontal plane and completely supported by another 
observer so that no abduction activity was required of the subject’s 
muscles. 

For studies of the elbow, electrodes were inserted in both heads of 
biceps, in brachialis, and in brachioradialis of 24 adults. In addition, the 
pronator teres muscles of eight other subjects were studied later, and 
our findings were published (Basmajian and Travill, 1961). 

In all instances, electromyographs were made with the subject seated 
upright and the upper limb hanging straight downwards in a comfortable 
position. Thus considerable numbers of biceps muscles were studied, 
some with heavy and moderate loads and others with light loads. In 
making the electromyograms of the pronator teres, only a strong down- 
ward pull was used as the added load since experience had already shown 
the ineffectiveness of lesser loads. 

Contrary to expectation, the vertically running muscles that cross the 
shoulder joint and the elbow joint are not active to prevent distraction 
of these joints by gravity (Figs. 9.10 and 9.11). Much more surprising is 
the fact that they do not spring into action when light, moderate, or 
even heavy loads are added unless the subject voluntarily decides to flex 
his shoulder or his elbow and thus to support the weight in bent positions 
of these joints. Quite often he may do this intermittently or, when 
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Figure 9.10. EMGs (a) During abduction; (b) unloaded arm hanging; and (c) 
heavy downward pull applied to arm. Lines, 7, 2, and 3: anterior middle and 
posterior fibers of deltoid; line 4: supraspinatus; line 5: time marker. Intervals, 10 
ms (From J.V. Basmajian and C.R. Dutta, © 1961, Anatomical Record). 


uninstructed, from the very onset. But it must be clear that such muscular 
action is a voluntary action and not a reflex one. 

Carls66 and Guharay (1968) confirmed our findings of muscular 
inactivity in the heavily loaded shoulder and elbow joints—the muscles 
being biceps, triceps, brachialis, and brachioradialis. In addition, they 
found that the temperature fell in these muscles, apparently because of 
a lower oxygen demand. 

Even while the muscles were quiescent, our subjects rapidly felt local 
fatigue. What, then, is the sensation of fatigue in the heavily loaded limb? 
Normally, it would be thought of as “muscular fatigue,” but we see now 
that this is incorrect. The sensation of “fatigue” that is experienced 
probably originates from the painful feeling of tension in the articular 
capsule and ligaments, not from overworked muscles. In fact, as we have 
seen, the muscles need not be working at all. Cain (1973) confirmed that 
feelings of fatigue in static contraction arise in part from structures 
outside the muscles. 

An analogous situation occurs in the foot where we found, some years 
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Figure 9.11. EMGs of biceps (line 7) and triceps (line 2). (a) Hanging arm 
(unloaded); (b) Heavily loaded. No change. Line 3, time marker. Intervals 10 ms. 
(From J.V. Basmajian and C.R. Dutta, © 1961, Anatomical Record.) 
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ago that the muscles that are usually supposed to support the arches 
continuously were generally inactive in standing at rest (see p 258). 
Independently Hicks (1954) argued by deduction that the plantar apo- 
neurosis and plantar ligaments were the chief weight-bearers in this 
position. It would seem, then, that in the normal foot the fatigue of 
standing is not a muscular phenomenon. 

The dual conclusion that articular ligaments suffice to prevent the 
downward distraction of joints in the upper limb and that the sensation 
of fatigue is chiefly a form of pain in the ligaments appears to be of 
fundamental importance. It not only runs counter to “common sense,” 
but it is of practical interest, for example, in explaining why dislocations 
by traction on normal limbs are rare. It should be noted especially that 
the capsule on the superior part of the shoulder joint including the 
corachohumeral ligament is extremely tight only when the arm hangs 
directly downward and the scapula is in its normal position. The special 
mechanism that includes this ligament, together with the supraspinatus 
muscle and the normal slope of the glenoid cavity, will be described 
elsewhere (p 273). When the shoulder joint is abducted or flexed, 
however, the capsule is extremely loose, and the shoulder joint depends 
for its integrity on the well-known “rotator-cuff” muscles. 

All the experiments reported above finally led to one that has in turn 
led to new ideas. Elkus and Basmajian (1973) found that healthy subjects 
suspended by their hands from a trapeze can hold on for less than 3 
minutes, even when their fists are kept closed by a special gauntlet. 
Severe discomfort in the hands and forearms and uncontrollable slipping 
of the fingers (when no gauntlet was used) were the main causes for 
failure. Action potentials from a large number of muscles were unre- 
markable and all evidence pointed to a significant ligamentous force 
rather than muscles preventing articular distraction. Similar EMG studies 
by Tuttle and Basmajian (1973) on apes (gorilla, chimpanzee, and oran- 
gutan) confirm these findings. Furthermore, Brantner and Basmajian 
(1975) found a clear-cut training effect in a remarkably increased endur- 
ance time of normal young human subjects; this was best explained by 
psychological adaptation. 

Quite independent from us, Stener, Andersson, and Petersen of Go- 
teborg, Sweden, were arriving at similar conclusions in regard to liga- 
ment sparing from a different type of experiment in cats and man. When 
Andersson and Stener (1959) greatly increased the tension in the medial 
ligament of the knee of the cat in specially designed experiments, no 
reflex muscular contractions appeared in the muscles of the thigh, as 
would have been expected if the usual hypothesis of “ligamento-muscular 
protective reflexes” were valid (Fig. 9.12). Furthermore, they showed 
convincingly that the absence of reflex motor effects was not due to 
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Figure 9.12. EMGs of (decerebrate) cat from: A and B, vastus medialis; C and 
D, semitendinosus. A and C show reflex responses to stimuli other than stretch, 
to compare with the lack of response in B and D when the tendons were 
stretched by transverse loading (duration shown by straight horizontal white 
lines). (From J.G. Andersson and B. Stener, © 1959, Acta Physiologica Scandinav- 
ica.) 


absence of afferent discharges which were well detected from the artic- 
ular nerves. 

Petersén and Stener (1959) carried the above experiments forward to 
human subjects, again using the medial ligaments of the knee. Their 
results were a complete vindication of the conclusions made in the animal 
experiments described previously. In addition their work suggests that 
if injured ligaments are pulled until pain results, muscles do show reflex 
contraction; if the torn ligament is then anesthetized, they do not. 

Following almost the same line of reasoning, deAndrade et al (1965) 
distended human knees with nonirritating plasma (which emphasized the 
pressure phenomenon, as opposed to pain). There was a definite and 
even marked inhibition of quadriceps contraction with a depression of 
motor unit activity. This is undoubtedly a reflex inhibition and helps to 
explain further the muscle weakness, atrophy, and deformity that follow 
knee injury and disease. Czipott and Herpai (1971) reported that atrophy 
of the quadriceps that develops in connection with meniscal and liga- 
mentous injuries is of neurogenic origin with disuse atrophy only second- 
ary. However, Carls66 and Norstrand (1968) could find no qualitative 
difference in muscle coordination in most of the thigh muscles examined 
by EMG when they compared patients with ruptured cruciate ligaments 
and normal subjects. 
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Freeman and Wyke (1966, 1967) obtained a definite and chronic drop 
in reflex postural tonus in cats by cuting the sensory nerve supply of the 
knee joint capsule. The mechanoreceptors in the joint are involved in 
reflex muscular activity to maintain posture in quadrupeds; undoubtedly 
the same mechanisms occur in man as well. Surely all the above obser- 
vations are of great importance in orthopedics and surgery of joint 
injury; they deserve wide attention. 


CHAPTER 10 


Miscellaneous Neural Influences 


MUSCLE TONE AND RELAXATION 


Most neurophysiologists now agree that electromyography shows con- 
clusively the complete relaxation of normal human striated muscle at 
rest (Clemmesen, 1951; Basmajian, 1952; Ralston and Libet, 1953). In 
other words, by relaxing a muscle, a normal human being can abolish 
neuromuscular activity in it. This does not mean that there is no “tone” 
(or “tonus”) in skeletal muscle, as some enthusiasts have claimed. It does 
mean, however, that the definition of “tone” should include both the 
passive stiffness of muscular (and fibrous) tissues and the active (although 
not continuous) contraction of muscle in response to the reaction of the 
nervous system to stimuli. Thus, at complete rest, a muscle has not lost 
its tone, even though there is no neuromuscular activity in it (Basmajian, 
1957b). 

In the clinical appreciation of tone, the more important of the above 
two elements is the reactivity of the nervous system. One can hardly 
palpate a normal limb without causing such a reaction. Therefore, the 
clinician soon learns to evaluate the level of “tone”, and it may seem of 
little consequence to him that the muscle he is feeling is, in fact, capable 
of complete neuromuscular inactivity. In spite of this, he would be 
surprised to learn that an experienced subject can simulate hypotonia or 
even atonia of lower motor neuron disease and successfully deceive—if 
only for a brief period—the most astute physician. 

During the course of various electromyographic studies on spastic 
patients and spastic rabbits, we were impressed with the relative ease 
with which most spastic muscles also can be completely (although only 
temporarily) relaxed (Fig. 10.1). Magoun and Rhines (1947) and Hoefer 
(1952) and others have also noted and commented on this, and it has 
been demonstrated by Kenney and Heaberlin (1962) in spastic children 
lying quietly, and by Holt (1966) also. The speed with which voluntary 
relaxation can occur is quite impressive: Miyashita et al (1972) found the 
mean values for relaxation reaction time in the biceps brachii of normal 
healthy adults to be the same as those for contraction reaction time. 

In thousands of electromyograms on normal human muscles there has 
been complete and almost instantaneous relaxation when the subject has 
been ordered to relax. However, a small number of normal subjects do 
have great difficulty in relaxing quickly. 

“Complete rest” requires some qualification. A normal person does 
not completely relax all his muscles at once. Reacting to multiple inter- 
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Figure 10.1. Tracings A, B, and C showing varying degrees of EMG activity at 
rest in the spastic quadriceps of three different patients with severe spasticity. 
Many subjects can be quieted down to the “EMG silence” of C without drugs. 
(Tracings D, E, and F show the results of intravenous chlorpromazine in the same 
three patients.) (From J.V. Basmajian and A. Szatmari, © 1955a, A.M.A. Archives 
Neurology.) 


oceptive and exteroceptive stimuli, various groups of muscles show rising 
and falling amounts of activity. The idea that some individuals might 
show overall higher levels of tension than others is a familiar one. Iris 
Balshan Goldstein (1962) showed that 16 muscle groups measured at 
rest were related to a general muscular tension. Goldstein (1965) showed 
later that hysterics and certain other neurotics have very little increase 
in overall muscular activity over that of normal persons. 

These findings do not necessarily imply that all muscle groups in a 
person tense and relax in unitary fashion. Fridlund et al (1980) found 
little evidence for a within-subject “general tension factor” in frontalis 
EMG biofeedback training. Moreover, Fridlund et al (1982) attempted 
a partial replication of Balshan (1962) and found that the “general 
tension” found by her occurred only when data from many subjects were 
taken together. In within-subject analysis, the muscle activity was largely 
unrelated. Thus, the “general tension factor” was taken by Fridlund et 
al (1982) to reflect agitation more than elevated tonic muscle activity. 

Smith (1973) also disagreed with Goldstein’s conclusions on the basis 
of widely separated electrodes on the forehead (“frontalis”) which pick 
up EMG from most of the head and neck and hence reflect tension 
reasonably well. On the other hand, Alexander (1975) tended to agree 
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with the earliest findings; his research revealed poor generalization 
between the forehead muscles and the whole body. Berger and Hadley 
(1975) found that the EMG activity of observers taken from their arms 
and lips rose or fell according to whether they watched others (“models”) 
arm-wrestle or stutter. A group in Los Angeles (deVries et al, 1977) 
found that the flexors of the forearm are “probably best related to the 
factor of ‘general resting muscular tension’.” Schloon et al (1976) found 
that the newborns showed most of their resting activity in the region of 
the chin and neck. 

During sleep, tonus of most head and neck muscles falls off but, 
according to Jacobson et al (1964) “trunk and limb muscles exhibit stable 
levels of tonic activity throughout the night.” Tauber et al (1977) have 
recently confirmed this statement in an elegant study. 

Leavitt and Beasley (1964), in accepting the absence of EMG potentials 
at rest as true relaxation, wondered whether such EMG silence could be 
maintained while the muscles being recorded were passively stretched. 
Quite surprisingly, they obtained absolute silence in both flexors and 
extensors of almost all subjects whose knee joints were flexed and 
extended passively, regardless of whether this was done slowly or rapidly. 
Although they actually were more interested in reciprocal inhibition of 
antagonists during active movements, Bierman and Ralston (1965) re- 
ported similar findings. Obviously, subjects could relax consciously dur- 
ing a state when normal myotatic reflexes would be expected to occur. 

Muscular “tone” is a useful concept if we keep in mind that at rest a 
muscle relaxes rapidly and completely. This has now been common 
knowledge among neurophysiologists for more than a decade. If one 
keeps one’s hands off a resting normal muscle, it shows no more neuro- 
muscular activity than one with its nerve cut. In fact, it shows less because 
the fibers of denervated muscle engage in many fine random contractions 
invisible through the skin but detected by electromyography as “fibril- 
lation potentials.” The muscles in lower motor neuron denervation 
actually exhibit very fine invisible contractions while normal resting 
muscles exhibit complete neuromuscular silence. (These fibrillations are 
not to be confused with fasciculation, the coarse contractions of motor 
units visible through the skin and also often called fibrillations by older 
neurologists.) 

Where did the false concept of continuous neuromuscular activity 
during rest originate? Chiefly it seems to be a widespread misinterpre- 
tation of Sherrington’s postural tonus. There is no denying that any 
muscle that is helping to hold the subject upright shows various degrees 
of activity. On the other hand, our group, among a number of others, 
has shown that not all the muscles of the leg need to be active in the 
upright position. That is, the human upright position allows many of the 
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limb muscles to relax completely. Yet these muscles will respond imme- 
diately to any change endangering the loss of balance. 
Spasticity 

In another set of experiments we found that the spastic limb muscles 
of most human beings with lesions of the central nervous system could 
be relaxed completely (Fig. 10.1). In the remaining spastic subjects the 
activity could be materially reduced but, under the experimental condi- 
tions, complete relaxation was not obtained—probably due to the pres- 
ence of considerable environmental stimuli (e.g., a well-lighted room, 
the activity of the investigators, apprehensiveness). In all spastic subjects, 
very slight stimuli (even conversation) causes immediate electromyo- 
graphic activity. Similarly, the muscles of spastic rabbits can be completely 
relaxed, as we noted above, but much more careful effort is required on 
the part of the handler. As with spastic human subjects, the slightest 
stimuli causes marked activity which takes some considerable soothing 
to abolish. 

Shimazu et al (1962) confirmed our conclusion with the spastic and 
rigid muscles of patients with parkinsonism. They found no spike dis- 
charges in resting muscles, but there was a greatly exaggerated stretch 
reflex. 

The findings described for spastic human beings and rabbits at rest 
therefore are not surprising. While the increased tone is simply an 
overactive reflex contraction, the limbs can be relaxed completely, albeit 
with greater “effort” than that required by normal subjects. 

An incidental, perhaps inevitable, result of our electromyographic 
studies of human spasticity and the effects of chlorpromazine (Basmajian 
and Szatmari, 1955a and b) seems to have been the general adoption of 
electromyography for studying the effect of the newer relaxant drugs 
and other types of therapy (Brennan, 1959). In view of what has been 
already discussed, it hardly seems necessary to warn against a naive 
acceptance of “electromyographic” evidence if the only criterion used is 
the amount of the activity “at rest.” Unfortunately some workers have 
already published such data. In our later studies of the effects on spasticity 
of new drugs, we used reflex responses to controlled constant stimuli 
(see, for example, Basmajian and Super, 1973). 


EFFECTS OF CROSS EXERCISE 


The hypothesis that there is a transfer of activity to the contralateral 
limb during prescribed exercise on one side has been frequently postu- 
lated, but now it is being seriously questioned. Probably it is invalid, 
except in very special circumstances. Any productive inquiry directed at 
documenting the concept of overflow must address the issue of stability. 
That is, if a contraction in one limb is sufficiently powerful, will it require 
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the activation of musculature in the opposite limb to stabilize the trunk 
which is being subject to force disturbances. 

Gregg et al (1957) found that overflow to the unexercised, contralat- 
eral muscles did not occur during simple nonresistive exercises or during 
isometric contractions of one biceps brachii. As the exercise stress in- 
creased, however, there was some “overflow” to the opposite triceps and, 
after even greater stress, to the biceps. Increasing fatigue played an 
important role in the “overflow” but was reversible. After a rest of 2 
minutes, “overflow” would at first be absent. Moore (1975) found over- 
flow activity to be between 10 and 20% of the maximal intensity of 
activity in the exercised limb. 

Samilson and Morris (1964) confirm the finding that in normal man 
activity of one upper limb is not accompanied by activity in the contra- 
lateral resting limb. However, in spastic children, there is such a spread. 
On the other hand, Podivinsky (1964) of Bratislava, Czechoslovakia, 
finds that a slight motor irradiation occurs from the strong contraction 
of finger flexors to the related muscles of the opposite limb (“crossed 
motor irradiation”). This, perhaps, is related to the findings of Helle- 
brandt and her colleagues regarding indirect learning, i.e., the improve- 
ment of strength in one limb by exercising the opposite limb (Hellebrandt 
and Waterland, 1962a and b). Its practical significance in ordinary life 
is unknown and appears to have been exaggerated since the days of 
Scripture et al (1984). We have shown that at the finest levels of control 
in motor unit training, the role of cross-training is not significant (Bas- 
majian and Simard, 1966). 

Panin et al (1961) seem to have delivered a serious blow to the concept 
of “cross exercise.” In their extensive study they found that the spread 
of activity was minimal to insignificant. Insignificant potentials of low 
amplitude and frequency appeared in all nonexercised muscles in a 
widespread distribution in all four limbs. They appeared most in areas 
required for postural stabilization of the subject’s body. Even then the 
amount of activity was slight so as not to constitute exercise effect. 

Our own studies on quadriceps and those of Sills and Olsen (1958) 
largely confirm the conclusions of Gregg and his colleagues. We found 
in our studies of spastic patients, however, that an exuberant overflow 
occurs to the opposite limb. Walshe (1923) and, more recently, Hopf et 
al (1974) and Soto et al (1974) have written about a similar phenomenon 
in hemiplegia. We must conclude that “cross education” is, at best, of 
dubious value in normal subjects. 


ELECTROMYOGRAPHY OF THE FETUS AND NEWBORN 


Until the 1950s no reliable information was available in regard to the 
earliest muscle potentials during fetal development. The characteristics 


250 MUSCLES ALIVE 


of the earliest potentials are of great interest both in embryology and in 
the related fields of electromyography and neurology. Particularly im- 
portant is the relationship of the time and innervation to the time of 
appearance of the earliest potentials. Our laboratory (then at Queen’s 
University) developed a program employing special techniques with 
which to examine a series of living vertebrate fetuses. 

The details of our methods and the detailed results have been pub- 
lished (Lewis and Basmajian, 1959; Ranney and Basmajian, 1960). A 
large number of rabbit fetuses and a limited number of goat fetuses were 
studied. 

In the rabbits (which have a gestation period of 32 days) all fetuses of 
age 18 days or more showed electromyographic potentials. At 17 days, 
only some of the fetuses had EMG activity. This is the earliest fetal age 
in which we first observed visible movements. At 16 days, only one of 
16 fetuses exhibited true muscle potentials. None of the younger fetuses 
did so. 

The EMG potentials of these fetuses ranged from as low as 13 »V to 
as high as 250 wV. Their durations were too long to classify them with 
the short-duration small potentials which are known as fibrillation poten- 
tials and are diagnostic of denervation in postnatal life. Therefore, it has 
not been possible to state that the potential we found indicated a lack of 
innervation of the fetal muscles. 

A few authors have described early visible movements in mammalian 
fetuses and embryos, but these have not been intrinsic or spontaneous; 
rather, they have been in response to prodding or electrical stimulation. 
Straus and Weddell (1940) found contractions of the forelimb in fetal 
rats stimulated electrically in the latter half of the 15th day (of a 21-day 
gestational period). This is in general agreement with the finding of 
Windle et al (1935). Furthermore, Windle (1940) states that the site of 
earliest activity is in the lower cervical region; it was nearby, in the 
shoulder region, that we picked up our earliest muscle potentials. Ap- 
parently, the onset of spontaneous activity requires a further degree of 
maturation beyond the stage at which muscles respond to an external 
stimulus. 

Boéthius and Knutsson (1970) found in fetal chicks that an increase in 
membrane potentials of individual muscle fibers coincides with the 
transformation of the majority of the cells from myotubes to myocytes. 

Marinacci (1959), in a report on the EMG of prematurely born infants, 
concluded that at the 6th month of intrauterine life (relatively much 
older than our rabbit fetuses) about 20% of the muscle fibers have still 
to be innervated. At the time of birth, 5% apparently have not yet 
received their nerve supply. At the end of the 4th postnatal month, 
practically all the muscle fibers have been innervated. The delayed 
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innervation is largely in the lower extremities, especially in the intrinsic 
muscles of the feet. 

Eng (1976) revealed the occurrence of spontaneous potentials—quite 
similar, if not exactly the same as, fibrillations—in almost half of 19 
normal but premature infants. These disappeared in subsequent months. 
Normal newborns also had similar findings in a third of cases studied 
extensively and intensively. 

Prior to innervation, primitive muscle fibers theoretically should pos- 
sess an inherent tendency to spontaneous fibrillation and related electri- 
cal activity. Marinacci found that muscle fibers do fibrillate in premature 
infants corresponding to a stage in intrauterine life when, he believes, 
they might not all be innervated. Our own extended studies of fetuses 
in goats and rabbits (Ranney and Basmajian, 1960) failed to reveal any 
of the signs of spontaneous preinnervation potentials. Botelho and Stein- 
berg (1965) confirmed this in the canine fetus. We can offer no real 
explanation for this discrepancy; perhaps the finding of spontaneous 
fibrillation potentials in premature infants by Marinacci and by Eng does 
not necessarily prove their existence in normal fetuses in utero. Finally, 
there may be a species difference. In fetal sheep, Anggard and Ottoson 
(1963) found that skeletal muscles could be made to contract at the 50th 
day, considerably before the time at which myelination (and therefore 
normal functioning) of the axons occurs. 

During prenatal development the fetal sheep shows marked changes 
in neuromuscular function as studied by means of motor nerve stimula- 
tion. Anggard and Ottoson found marked changes from the early stage 
(50th day) to more advanced stages when spontaneous movements are 
common (100th day). Although not strictly an EMG study, this work 
bears upon our present concern. It clearly indicates that, in mammalian, 
embryos, speed of conduction of motor axons is related to the amount 
of progressive myelination. However, the excitable properties of the 
axons is independent. A key factor in neuromuscular function is the 
clear establishment of motor endings on the muscle fibers. In fetal sheep 
this occurs after about 50 days. 

In normal newborn babies, Schulte and Schwenzel (1965) of Gottingen 
found irregular spontaneous bursts of normal motor unit activity in 
upper and lower limb muscles. These were sometimes reciprocal and 
sometimes strictly alternating between antagonistic muscles. In the upper 
limb the flexors were preferred. With hypertonic newborns, there was 
often constant tonic activity in certain muscle groups. This was wide- 
spread in the more severe cases. 


CHAPTER 11 
Posture 


Electromyographic studies on postural muscles were begun by various 
investigators soon after the modern form of the technique was introduced 
near the end of World War II. Previously, it is true, rather crude attempts 
had been made to investigate the function of muscle groups by picking 
up and recording the electrical discharges that accompany the contrac- 
tion of muscle. However, these attempts were thrown into the shade by 
the rise of modern electronics. Today, we must admit that, following the 
epoch-making stimulation studies of Duchenne in the 19th century, 
nothing very useful had been contributed to our knowledge of human 
posture by primarily electrical techniques until the past two or three 
decades. 

It will be seen, therefore, that, narrowly defined, the subject to be 
discussed does not have a long history. Nonetheless, it cannot be divorced 
from an historical background because the object of inquiry, i.e., posture, 
has been the concern of anatomists, biologists, and orthopedic surgeons 
for many years. Therefore, this discussion will not be confined strictly 
to EMG; neither will it be confined to studies on posture in its extremely 
limited sense. 

The definition of posture can be altered for the sake of argument 
according to how broad or how narrow one wishes to make it. In the 
narrowest sense, posture may be considered to be the upright, well- 
balanced stance of the human subject in a “normal” position. In this 
sense, the EMG of posture would deal with the maintenance of the erect 
subject’s position against the force of gravity. The present account will, 
of necessity, emphasize this aspect of posture, but a broader, more 
generous, and more palatable definition would not exclude the multi- 
plicity of normal (and abnormal) standing, sitting, and reclining positions 
that human beings assume in their constant battle against the force of 
gravity. In the final analysis, the intrinsic mechanisms of the body that 
counteract gravity make up the essence of the study of posture. One of 
these, the muscular mechanism, shall be our chief concern. 

In a series of investigations concerning the organization of motor 
programming in man, Gelfand et al (1966) stressed the concept that the 
nervous system should be concerned not only with the muscles involved 
in the intended movement but also with those involved in maintaining 
posture so as to minimize the disturbance of balance. The existence of 
postural activity prior to and during a movement was established in man 
by Belenki et al (1967). Since then, this neural organization has been 
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investigated in greater detail by Coulmance et al (1979) and Bouisset 
and Zattara (1981). The latter group found that anticipatory movements 
are present in the lower limbs, hips, and trunk before the onset of 
voluntary movements in the arms. They further noted that the postural 
changes induced by these anticipatory movements were specific to forth- 
coming intentional movement and therefore must be of central origin. 

- Posture of the entire body may be considered as a unit, and because 
such considerations are rather artificial, they often lead to a facile neglect 
of the posture in those parts of the body which do not intercept the main 
line of gravity for the trunk and lower limbs. As a result, posture in the 
upper limbs, both while hanging freely downwards and in various other 
positions, too often gets ignored. In still another direction, the posture 
of the mandible may also be ignored by the general anatomist, but it 
certainly is emphasized by the orthodontist, for whom it assumes a 
considerable practical importance. 

The problems of static posture, then, revolve around the truism that 
the balance or equilibrium of the human body or its articulated parts 
depends on a fine neutralization of the forces of gravity by counter- 
forces. These counter-forces may be supplied most simply both internally 
and externally by a supporting horizontal surface or series of horizontal 
surfaces that are inert. The “easiest” posture in which a human being 
can achieve equilibrium with gravity is the recumbent one. We should 
not lose sight of the fact that this is our normal posture for the first year 
or so of our lives and for about half of our lives thereafter. When we lie 
down, we bring the center of gravity of the entire body, as well as any 
or all of its parts, closest to a supporting antigravitational surface. 

Lundervold (1951) of Stockholm demonstrated by EMG that healthy 
persons who do not tense their muscles can sit comfortably and relax in 
many positions, and can even work in many different manners without 
pronounced increase in muscular activity. Nervous subjects do not relax 
completely in more than a few positions, and they cannot change their 
individual optimal working positions without a markedly increased ex- 
ertion of muscle power. 

Returning to the support of the erect body, we find that in the 19th 
century many laborious studies, some fruitful and others not, were 
performed to determine the line of gravity and the center of gravity of 
the whole human subject. The simplest estimate and one that is most 
easily appreciated is that of von Meyer (1868), who found that the weight 
center is situated at the level of the second sacral vertebra. (On the 
surface of the body this vertebra is at the level of the posterior superior 
iliac spines.) In the coronal plane the exact point lies 5 cm or less behind 
the line joining the hip joints and, of course, it is in the midline. 

It will be seen that to maintain an equilibrium in the standing posture 
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with the least expenditure of internal energy, a vertical line dropped 
from the center of gravity should fall downward through an inert 
supporting column of bones. This is the ideal, and it is surprising how 
closely the human supporting mechanism approaches it, if only intermit- 
tently. 

The idealized normal erect posture is one in which the line of gravity 
drops in the midline between the following bilateral points: (1) the 
mastoid processes; (2) a point just in front of the shoulder joints; (3) the 
hip joints (or just behind); (4) a point just in front of the center of the 
knee joints; and (5) a point just in front of the ankle joints (Fig. 11.1). 
Muscular activity is called upon to approximate this posture or, if the 
body is pulled out of the line of gravity, to bring it back into line. Using 
a force platform, Stribley et al (1974) and Murray et al (1975) found a 
large area of stability over which weight is or can be shifted and 
maintained. The pressure fluctuates incessantly around a mean point. It 


Figure 11.1. Line of gravity in total erect man (see text). 
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appears to become more stable in children between the ages of 4 and 8 
years (Shambes, 1976). 

Most people do not appreciate that, among mammals, man has the 
most economical of antigravity mechanisms once the upright posture is 
attained. The expenditure of muscular energy for what seems to the 
student of phylogeny to be a most awkward position is actually extremely 
economical. Most comparative anatomists certainly seem to be ignorant 
of this fact. A quadruped that is required to maintain the multiple joints 
of its limbs in a state of partial flexion by means of muscular activity 
demonstrates a much more wasteful antigravity machinery. An exception 
to this seems to be the elephant, whose limbs serve as static columns to 
maintain an enormous weight. On the other hand, the specialization of 
the elephant’s weight-bearing limbs is so great that it cannot produce a 
true jump for even short distances. Relative to its size, the muscles of its 
limbs are quite puny compared with man’s. The reason for this dispro- 
portion is that, unlike the elephant, man is constantly challenging gravity 
by his continued wide range of postures, and great power is required 
only to achieve them. Thus we find that man’s so-called antigravity 
muscles are not so much to maintain normal standing and sitting postures 
as they are to produce the powerful movements necessary for the major 
changes from lying to sitting to standing. Therefore it is wrong to equate 
the antigravity muscles of man with those of the common domestic 
animals which stand on flexed joints. 

In man, the column of bones that carries the weight to the ground 
constitutes a series of links. Ideally, these links should be so stacked that 
the line of gravity passes directly through the center of each joint between 
them. But even in man this ideal is only closely approached and is never 
completely reached—and then only momentarily. As Steindler (1955) 
showed, a completely passive equilibrium is impossibie because the cen- 
ters of gravity of the links and the movement centers of the joints 
between them cannot be all brought to coincide perfectly with the 
common line of gravity. In spite of this, Steindler and many others have 
greatly exaggerated the amount of effort required to maintain the 
upright posture. The fatigue of standing is emphatically not due to 
muscular fatigue and, generally, the muscular activity in standing is slight 
or moderate. Sometimes it is only intermittent. On the other hand, the 
posture of quadrupeds, which is maintained by muscles acting on a series 
of flexed joints, is highly dependent on continuous support by active 
muscular contraction. Of course, the same is true for the human being 
in any but the fully erect standing posture. 

Dudley Morton (1952) anticipated much of what has been recently 
proved by EMG. Unfortunately, he incorrectly ascribed the fatigue of 
prolonged standing to a continuous activity of the muscles. This error is 
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surprising because his calculations are otherwise quite valid. What he 
and others have ignored is that walking is usually less fatiguing than 
standing. Although extreme exertion can produce muscular fatigue, 
most fatigue in the lower limbs caused by standing is more intimately 
associated with the inadequacies of the venous and arterial circulation 
and with the direct pressures and tensions upon inert structures. 

As Carls66 (1961) has emphasized, certain muscle groups can be called 
“prime postural muscles.” Among these are the neck muscles, sacrospi- 
nalis, hamstrings, and soleus. Carls66 also points out that such postural 
muscles are among the most powerful. However, one must note that this 
is not an absolute case. 

Carls66 found that during stooping most persons failed to use a well 
balanced position, placing “too large a part of the load on the anterior 
part of the foot.” They then powerfully engaged the soleus, gastrocne- 
mius, flexor hallucis longus and peroneus. “Others placed too much of 
the load on the heels, so that the tibialis anterior and the peroneus 
muscles, which do not well tolerate continuous loading, were strongly 
activated.” 

Carls66 considers the shifting from foot to foot in ordinary standing 
as a relief mechanism. “By assuming asymmetric working postures, and 
using the right and left leg alternately as the main support, the leg 
muscles are therefore periodically unloaded and relaxed.” One should 
add that the relief to the inert structures is perhaps even more significant 
(p 239). 


POSTURE OF LOWER LIMB 
Leg 

The function of the large muscles of the leg in relationship to posture 
has been studied by a number of investigators and quite early made the 
main subject of a book by Joseph (1960). Not infrequently, different 
conclusions resulted from different techniques. For example, Joseph and 
Nightingale (1952, 1956) concluded from their study with surface elec- 
trodes that the soleus of all persons and the gastrocnemius of many show 
well-marked activity when the subject is standing at ease; meanwhile, 
they claimed, the tibialis anterior is “silent.” Their explanation, which 
agrees with the conclusion of Akerblom (1948), is that the line of gravity 
is found to fall in front of the knee joint and ankle joint, necessitating 
activity in gastrocnemius. On the other hand, Basmajian and Bentzon 
(1954) showed with needle electrodes that there is actually a wide range 
of findings for each of these muscles, although, indeed, the posterior calf 
muscles are generally much more active than the tibialis anterior (Fig. 
Ble 2B). Furthermore there is frequently a periodicity in the activity, and 
this is apparently related to an almost imperceptible forward-and- 
backward swaying of the body (Basmajian and Bentzon, 1954). Perio- 
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Figure 11.2. Diagram of EMG activity in anterior and posterior muscles of the 
leg under differing conditions. 
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dicity was first noted in this regard by Floyd and Silver (1950), and it 
has been commented on by Portnoy and Morin (1956) and others. 
Granit’s (1960) statement that, in general, soleus is tonic while gastroc- 
nemius is phasic may explain some of the discrepancies in the findings 
for the leg reported above. Carls66 (1964) found activity regularly in 
soleus during quiet, symmetric standing but never in tibialis anterior. 
With a heavy load held either in front of the thighs or carried on the 
back, activity becomes pronounced in soleus, apparently to counteract 
the forward leaning of the body. Tibialis anterior remains completely 
inactive. 

As would be expected, any deliberate leaning forwards or backwards 
of a standing subject produces compensatory activity in the muscles to 
prevent the occurrence of a complete imbalance (Fig. 11.2A—C). A very 
finely regulated mechanism is in control, and the slightest shift is reacted 
to through the nervous system by reflex postural adjustments; sometimes 
the motor responses are so fine that they can only be detected electro- 
myographically. 

Houtz and Fischer (1961) showed that these muscles respond to many 
influences, such as postural changes, the shifting of body weight, and the 
resisting of external forces applied to the upper part of the trunk. More 
recently, detailed studies have confirmed their findings (Okada, 1972, 
1975). 

In women who wear high heels, there appears to be a modification of 
the muscular response. Both Basmajian and Bentzon (1954) and Joseph 
and Nightingale (1956) found that the wearing of high heels increases 
the activity of the calf muscles in individual subjects, apparently due to 
a shifting forwards of the center of gravity (Fig. 11.2). One would have 
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expected that in women wearing high heels the well-known compensatory 
spinal lordosis would be a sufficient adjustment. Apparently it is not. 
Thigh 

The muscles of the thigh obey the same rules as those of the leg. By 
and large, the activity during normal, relaxed standing is usually slight. 
Indeed, it may be absent in most of the muscles for varying periods of 
time. The reports of Weddell et al (1944), Akerblom (1948), Arienti 
(1948), Wheatley and Jahnke (1951), Floyd and Silver (1951), Joseph 
and Nightingale (1954), Basmajian and Bentzon (1954), Portnoy and 
Morin (1956), Oota (1956a), Joseph and Williams (1957), and Jonsson 
and Steen (1966) agree in principle. These overlapping and detailed 
studies include most of the large muscles of the gluteal region and thigh 
and no purpose would be served in recapitulating the details here. The 
main generalization to be extracted from all this is that the activity in 
these muscles is surprisingly slight during relaxed standing. The effect 
of swaying, mentioned above for leg muscles, appears in some hip muscles 
also (Jonsson and Synnerstad, 1967). Gluteus medius an tensor fasciae 
latae show such bursts but not the gluteus maximus, which remains silent. 

When subjects carried a load either held in front of the thighs or 
strapped to the back, Carls66 (1964) found that quadriceps remains 
completely inactive. Meanwhile, the ischiocrural muscles (hamstrings) 
show individual variations—from very active to completely inactive— 
apparently depending on the degree of flexion of the hip and on whether 
or not the line of gravity had been shifted anterior to the hip joint. 


Foot 


The postural function of the muscles of the foot in relation to the 
normal support and the abnormal flattening of the arches has always 
posed a question of some fundamental interest. Using needle electrodes, 
Basmajian and Bentzon (1954) showed that the intrinsic muscles are 
generally quiescent during normal standing but become extremely active 
when a person rises on tip-toes and during the take-off stage of walking 
(Fig. 11.3). This was confirmed in general by Sheffield et al (1956), but 
it appears that others have not paid sufficient attention to this funda- 
mental consideration in the posture of the foot. 

In the past, the peroneal and tibial muscles have often been considered 
to play an important role in maintaining the longitudinal arches of the 
foot in standing. This theory seems to have been discredited by the 
findings of Basmajian and Bentzon and by the indirect contributory 
evidence of other investigators. During standing these muscles of the leg 
are generally quiescent. Furthermore, they remain inactive even when a 
subject suddenly lowers himself to a normal standing position from an 
elevated seated position. However, if in the standing posture the foot is 
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Figure 11.3. Diagram of EMG activity in intrinsic foot muscles (see text). 


obviously inverted by tibialis anterior, activity is quite intense. During 
locomotion, peroneal and tibial muscles show marked activity (Fig. 11.2). 

Apparently, the first line of defense against flat feet is a ligamentous 
one (Basmajian and Stecko, 1963). This is considered further on p 349. 
But the added stresses of walking require special mechanisms (Basmajian, 
1955a and 1960). Independently, a similar view has been advanced by 
Dudley Morton (1952) who, on the basis of various calculations, pre- 
dicted essentially the same thing. He showed that static strains upon the 
ligaments of the arch to sustain its elevated position are low in intensity 
and fall well within the capabilities of the ligaments. His calculations 
showed that only acute, heavy but transient forces (such as in the takeoff 
phase of walking) required the dynamic action of muscle. Meanwhile, 
further confirmation was provided by Hicks (1951 and 1954), who has 
demonstrated the importance of the plantar aponeurosis. 


Hip and Knee 

The hip and knee each have at least one muscle with a special postural 
function that can be demonstrated electromyographically. Experiments 
(Basmajian, 1958b) have shown that iliopsoas remains constantly active 
in the erect posture (in contrast to the large thigh muscles). It would 
appear that iliopsoas functions as a vital ligament to prevent hyperexten- 
sion of the hip joint while standing (see p 313). (The supraspinatus has a 
similar activity at the shoulder joint; see below.) 

At the knee, Barnett and Richardson (1953) have shown a constant 
activity in the popliteus in the crouching or “knee-bent” posture. This 
apparently is related to a stabilizing postural function to help the poste- 
rior cruciate ligament prevent an anterior dislocation of the femur (Fig. 
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11.4). There is no similar popliteal activity in the erect posture when 
dislocation is not threatening the joint. 


POSTURE OF TRUNK, NECK, AND HEAD 
Spine 

While standing erect, most human subjects require very slight activity 
and sometimes some intermittent reflex activity of the intrinsic muscles 
of the back according to Allen (1948), Floyd and Silver (1951, 1955), 
Portnoy and Morin (1956), and Joseph (1960). These authors showed 
that during forward flexion there is marked activity until flexion is 
extreme, at which time the ligamentous structures assume the load and 
the muscles become silent (Fig. 11.5). Floyd and Silver (1955) proved 
(with both surface and needle electrodes) that in the extreme-flexed 
position of the back, the erector spinae remained relaxed in the initial 
stages of heavy weightlifting. This observation appears to confirm 
strongly the dangers of the vertebral ligaments and joints of lifting “with 
the back” rather than with the muscles of the lower limb (see p 354). 

Asmussen (1960) first concluded from an EMG study that continuous 
activity of the back muscles during standing is the rule because “the line 


Figure 11.4. Popliteus shows EMG activity in the knee-bent stance. 
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Figure 11.5. Diagram of activity in erector spinae during forward bending (see 
text). 


of gravity passes in front of the spinal column.” The last part of this 
conclusion is contrary to previous opinions and requires confirming. 
Later, Asmussen and Klausen (1962) modified the earlier extreme view 
to conclude that “the force of gravity is counteracted by one set of 
muscles only, most often the back muscles, but in 20 to 25% of the cases 
the abdominal muscles. The line of gravity passes very close to the axis 
of movement of vertebra L4 and does not intersect with the curves of 
the spine as often postulated.” Carls66 (1964) regularly found activity in 
sacrospinalis in the symmetric, rest position. 

Later, Klausen (1965) investigated that effect of changes in the curve 
of the spine, the line of gravity in relation to vertebra L4 and ankle 
joints, and the activity of the muscles of the trunk. He concluded that 
the short, deep intrinsic muscles of the back must play an important role 
in stabilizing the individual intervertebral joints. The studies of Donisch 
and Basmajian (1972) and Wolf and Basmajian (1980) support this view 
(see p 361). The long intrinsic muscles and the abdominal muscles 
stabilize the spine as a whole. An increased pull of gravity always is 
counteracted by increased activity in one set of muscles only, i.e., either 
in the back or anterior abdominal wall. 

Placing a load high on the back automatically causes the trunk to lean 
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slightly forward. The increased pull of gravity is counteracted by an 
increased activity in the lower back muscles. A load placed low on the 
back reduces the activity of the back mucles. This last finding was 
duplicated by the independent work of Carls66 (1964). However, Carlsoo 
found increased activity in sacrospinalis with a load held in front of the 
thighs. Thus, the position of the load—either back or front—either aids 
the muscles or reflexly calls upon their activity to prevent forward 
imbalance. Nachemson (1966) claims the vertebral part of psoas major 
helps to maintain the posture of the lumbar vertebrae. 


Abdomen 

During relaxed standing, only slight activity has been recorded in the 
abdominal muscles by Floyd and Silver (1950), Campbell and Green 
(1955), and Ono (1958). The first investigators appear to have proved 
that the activity is greatest in the internal oblique to provide the protec- 
tion that the muscles afford to the inguinal canal in the upright posture 
(see p 395). Carls66 (1964) reported that carrying a load on the back 
always increases activity in rectus abdominis, but carrying one in front 
of the thighs left rectus abdominis completely silent. 


Thorax 

Jones et al (1953) were the first to suggest that the intercostal muscles 
play a part in posture or, at least, in the maintenance of certain flexed 
postures and adjustments of position. Certainly worthy of further study 
is the interesting proposal advanced by Jones and Pauly (1957) that the 
intercostals have as their chief function the maintenance of a proper 
distance between the ribs while the rib cage is actively elevated by the 
neck muscles during inspiration (see p 409). Credence in their theory is 
strengthened by the independent work of Campbell (1955), who has 
recorded activity in the scalenes and sternomastoid muscles during quiet 
respiration, and by that of Koepke et al (1958). Surprisingly, these 
seemingly fundamental problems have not been attacked with any vigor 
by other investigators (see also p 425). 


Mandible 


Moyers (1950), Carlso6 (1952), and MacDougall and Andrew (1953) 
claimed that the muscles of the jaw which act against gravity in main- 
tainng posture are all those that raise the mandible. Latif (1957), how- 
ever, while working in Basmajian’s laboratory, demonstrated that tem- 
poralis alone is responsible for keeping the teeth in apposition and is 
constantly active in the upright posture. During the resting mouth-closed 
position, there is strikingly greater activity in the posterior fibers, which 
run almost horizontally backwards, than there is in the anterior fibers, 
which run vertically. Temporalis is discussed further in Chapter 20. 
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Posture in the upper limb is chiefly a matter of maintaining the 
integrity of the series of joints in the hanging position. However, in the 
recumbent posture, if the upper limb is raised to a vertical position, 
many of the factors which normally govern the posture of the erect 
whole body come into play for the first time in the upper limb. In the 
standing position, on the other hand, the hanging limb poses different 
problems in posture because the force of gravity produces tensions rather 
than compressions. These tensions are easily carried by the bones which 
are rigid, but the logical question is often asked: What prevents disloca- 
tion of the series of joints? As we have seen already, the most frequent 
answer—that it is muscular action—is not correct. 


Shoulder 


Not surprisingly, low grade postural activity occurs in the upper fibers 
of trapezius in supporting the shoulder girdle. Basmajian often made 
this observation incidental to other studies in normal subjects over many 
years (unpublished studies). Minimal postural activity in the serratus 
anterior has also been described by Catton and Gray (1951) and con- 
firmed by many scattered observations during clinical EMG. 

At the shoulder joint, the main muscular activity in resisting downward 
dislocation occurs in supraspinatus (and to a slight extent in the posterior, 
horizontal-running fibers of deltoid) (Basmajian and Bazant, 1959). The 
bulk of the deltoid, and the biceps and triceps show no activity in spite 
of their vertical direction. Surprisingly, this is true even when heavy 
weights are suspended from the arm. The function of supraspinatus is 
apparently associated with what Basmajian (1961) described as a locking 
mechanism dependent upon the slope of the glenoid fossa. The horizontal 
pull of the muscle, along with an extreme tightening of the superior part 
of the capsule only when the arm hangs vertically, prevents downward 
subluxation of the humeral head (see p 239). 


Elbow 


At the elbow joint, without an added load there is no activity in the 
muscles, suggesting that the ligaments carry the weight (Basmajian and 
Latif, 1957; Basmajian and Travill, 1961). The addition of a small or 
moderate load does not produce any activity in biceps, triceps, brachio- 
radialis, or pronator teres. This is also true for the main elbow-crossing 
muscles when a human or gorilla subject is hanging from a trapeze (Elkus 
and Basmajian, 1973; Tuttle and Basmajian, 1973; Tuttle, Velte, and 
Basmajian, 1983) (see p 242). Perhaps it is superfluous to note that in 
flexed positions of the elbow the maintenance of the flexed posture is 
shared by the brachialis and biceps muscles. However, brachioradialis 
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shows little if any activity in maintaining flexed postures, even against 
added loads, because it is theoretically an example of a “shunt” muscle, 
as first postulated by MacConaill (1946). 


Wrist 

At the wrist and hand, a minimum of activity is required to overcome 
the ordinary force of gravity. Repeated EMG investigations have revealed 
a general silence of the forearm and hand while hanging at rest. The 
“postural” activity of the wrist flexors and extensors which accompanies 
the making of a fist or the grasping of a handle is perhaps more properly 
a “synergistic” function and is possibly outside the limits of our subject. 
In this regard, the only significant postural EMG of this region was 
reported by Dempster and Finerty (1947). They loaded the hand of the 
horizontally held forearm and recorded the activity in various muscles 
that cross the wrist. When a muscle was in a superior position and was 
working to support the load against gravity, its activity was three to four 
times as great as when it was below and maximally aided by gravity, i.e., 
when it was serving a stabilizing or synergistic function only. 


RECUMBENT POSTURE 


In conclusion, let us return to the recumbent posture. Here, in this 
pleasantest of postures, the force of gravity is counteracted by mecha- 
nisms that are entirely passive. Repeated EMG studies by many investi- 
gators have demonstrated beyond the shadow of a doubt that resting 
muscles exhibit no neuromuscular activity (Basmajian, 1955a). It is time, 
then, that all anatomists and physiologists firmly alter their teaching. 
Contrary to widespread belief, there is no random activity of motor units 
in a resting muscle to provide what is often hazily called muscular tone 
(see section on tone in Chapter 10). 


SITTING POSTURE 


In view of the confusing welter of theories regarding “ideal” sitting 
postures, the paucity of scientific EMG experiments is surprising. Aker- 
blom (1948), who first published a monograph on the subject in Sweden, 
remains almost alone in the field (see also Akerblom, 1969). His investi- 
gations showed good relaxation of the spinal muscles when good support 
is given to the lumbar and thoracic regions, or when good lumbar 
support is given, and even when the subject is allowed to slump or sink 
into a ventriflexed position. Knutsson et al (1966) duplicated Akerblom’s 
studies. Rosemayer (1971), working in Munich and in South Africa with 
Professor Lewer Allen, has extended this type of work to motorcar 
driving postures; related work was done in Naples under Carlo Serra 
(1968), with only preliminary results reported. The work on back muscles 
of seated subjects by Donisch and Basmajian (1972) is reported on p 361. 


CHAPTER 12 


Upper Limb 


Many scattered EMG studies of the upper limb followed upon the 
landmark work in California of Inman et al reported in 1944. This 
chapter will bring together most of the available information in an 
organized form and deal with the actions of groups of muscles topograph- 
ically. Especially in the 1970s we saw a rapid growth of studies applying 
electromyography in gymnastics (e.g., Landa, 1974), in athletics (e.g., 
Kemei et al, 1971; Okamoto and Kumamoto, 1971; Toyoshima et al, 
1971; Yamashita et al, 1971, 1972; Yoshi et al, 1974; Matsushita et al, 
1974; Yoshizawa et al, 1976; Okamoto, 1976; Okamoto et al, 1976; 
Goto et al, 1976; Tokuyama et al, 1976, 1977; Kazai et al, 1976), and 
in ergonomics (e.g., Jonsson and Jonsson, 1975, 1976; Jonsson and 
Hagberg, 1974; Carlso6 and Mayr, 1974; Avon and Schmitt, 1975; 
Hagberg, 1981; Bjelle et al, 1981). The wrist, hand, and fingers will be 
dealt with in the next chapter. 

A series of papers on EMG studies of the forelimbs of various types of 
nonhuman primates have also been published with the prime purpose of 
unravelling the evolution of hominoid and human locomotion on the 
ground (Tuttle and Basmajian, 1974, 1975, 1977, 1978; Stern et al, 
1977, 1980 a and b; Susman and Stern, 1979, 1980; Tuttle et al, 1983). 


TRAPEZIUS 

Following the classical study of Inman et al, whose chief concern was 
with the dynamics of the shoulder (see below), Yamshon and Bierman 
(1948) and Wiedenbauer and Mortensen (1952) studied various parts of 
the trapezius during voluntary movements in a series of normal adults. 
The trapezius was found to be considerably active during elevation or 
retraction of the shoulder and during flexion or abduction of the upper 
extremity through a range of 180°. During scapular elevation the 
greatest activity was recorded, as would be expected, from the upper 
parts of the muscle; during retraction, from the middle and lower parts; 
and during flexion, from the lower half. The greatest activity in trapezius 
appears during abduction of the limb and chiefly in the lower two-thirds 
of the muscle. These findings were confirmation of the California studies 
and have been confirmed in detail by Thom (1965) of Heidelberg, and 
in general in Basmajian’s laboratory. No one can find confirmation for 
Duchenne’s belief that trapezius is a respiratory muscle, and this idea 
should be dropped. 

In his study of static loading, Bearn (1961b) discovered that the upper 
fibers of trapezius, contrary to the universal teaching, “play no active 
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part in the support of the shoulder girdle in the relaxed upright posture.” 
This was confirmed by Fernandez-Ballesteros et al (1964). Some of 
Bearn’s subjects initially showed a low level of activity in this part of the 
trapezius; but upon their being instructed to relax, the activity stopped 
entirely. As he notes, this observation is surprising. Indeed, the upper 
part of the muscle shows through the skin in thin people and appears to 
be under some tension even when no weight is borne by the limb. 
When a load of 10 Ibs (about 4.5 kg) was held in the hand, fully three- 
quarters of Bearn’s subjects were able to relax the trapezius either 
immediately or within 2 minutes. The remainder showed very little 
activity compared with the result of slight shrugging movements. With a 
25-Ib (11.4 kg) load, a third of the subjects could support the weight 
without EMG activity in trapezius. Bearn cautioned against the interpre- 
tation that this is a desirable way to carry loads: moreover, he ascribed 
various abnormalities to the habitual depression of the clavicle. 
Trapezius muscle is not just a postural or supporting muscle. Its role 
in the adjustments of the scapula during elevation of the upper limb is 
vital. In fact its activity is essential both in raising the arm (see Scapular 
Rotation, p 267) and in preventing downward dislocation of the humerus 


(p 273). 


SUBCLAVIUS 
Only one specific study has been done with needle electrodes in this 
small and relatively hidden muscle. Reis et al (1979) placed needle 
electrodes in the subclavius of 12 normal persons and recorded the EMG 
during 31 different movements and postures. They concluded that the 
muscle’s main function is on stability of the sternoclavicular joint, sup- 
plementing the ligaments of the joint. 


PECTORAL MUSCLES 


Inman et al (1944) were the first to examine pectoralis major electro- 
myographically. In abduction of the arm, no part of this muscle is active. 
In forward flexion, the clavicular head is the active part, reaching its 
maximum activity at 115° of flexion; the sternocostal head remains 
inactive. With the exception of the studies by Ravaglia (1958) in Italy, 
Scheving and Pauly (1959) in Chicago, and Okamoto et al (1967) of 
Kyoto, the pectoral muscles seem to have been otherwise ignored until 
de Sousa et al (1969) and Jonsson et al (1972) published their works. 
Ravaglia had been concerned with their alleged accessory functions in 
respiration. He demonstrated the presence of moderate activity in them 
during forced inspiration but none with quiet breathing. Scheving and 
Pauly confirmed many of the findings of Inman et al and further 
confirmed the standard teaching regarding the important activity of the 
sternocostal head in adduction. However, they found that medial rotation 
must be against resistance for the pectoralis major to be called into 
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action. With this, de Sousa et al (1969) disagreed emphatically, pointing 
out that the clavicular head is active almost always during either free or 
resisted medial rotations of the humerus. But they agreed that the 
sternocostal head remained relaxed, except when adduction occurred; 
this is true regardless of the starting position of the limb (even behind 
the back) according to Jonsson et al (1972). Shevlin et al (1969) tested 
and confirmed standard textbook views of the functional differences 
between the two parts of the pectoralis major during isometric effort in 
different positions of the arm. 

Following removal of the pectoral muscles during radical mastectomy, 
Flint et al (1970) found a surprising lack of functional disturbance in 
ordinary activities. Surrounding muscles compensate, except for stabili- 
zation of the shoulder joint in movements where the humerus is forced 
upwards and laterally. 


SERRATUS ANTERIOR 


Though serratus anterior must be considered further under “Scapular 
Rotation,” we should note the work of Catton and Gray (1951), who 
proved beyond question that this is not an accessory respiratory muscle. 
Their EMGs failed to demonstrate any activity in serratus anterior during 
voluntary deep breathing, during breathing that was obstructed by 
forcing the subject to breathe through a narrow tube, and even during 
coughing. The final blow to the concept of this being an accessory 
respiratory muscle was struck by Jefferson et al (1960), who demon- 
strated that during respiration action potentials were generally absent in 
the nerve to serratus anterior. 


SCAPULAR ROTATION 


Just as scapular rotation is a distinct and important function, well- 
known since Duchenne, so the muscles which produce the movement 
are a distinct functional group. The studies of Inman et al first drew 
special attention to them. As they showed, the upper part of the trapezius, 
the levator scapulae, and the upper digits of serratus anterior constitute 
a unit whose main activities are in concert: they passively support the 
scapula (slight continuous activity), elevate it (increasing activity) and act 
as the upper component of a force couple that rotates the scapula (Fig. 
12.1), 

The lower part of trapezius and lower half or more of the serratus 
anterior constitute the lower component of the scapular rotatory force 
couple; they were found to act with increasing vigor throughout elevation 
of the arm. The lower part of trapezius is the more active component of 
the lower force couple during abduction; but in flexion it is less active 
than serratus anterior, apparently because the scapula must be pulled 
forward during flexion. 

The middle fibers of trapezius are most active in abduction especially 
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Figure 12.1. Scapular rotation and force couples. (A) Glenoid “up”. (B) Glenoid 
“down.” (From J.V. Basmajian, © 1955, Williams & Wilkins, Baltimore.) 


as the arm reaches the horizontal plane (90°). In forward flexion, the 
activity of the middle fibers of trapezius decreases during the early range 
but builds up toward the end. In general, then, the middle trapezius 
serves to fix the scapula but must relax to allow the scapula to slide 
forward during the early part of flexion. 

The rhomboid muscles (major and minor) imitate the middle trapezius, 
being most active in abduction and least during early flexion. During 
most movements of the head and trunk, they are relatively inactive (de 
Freitas et al, 1979; de Freitas, 1980), but in free movements of the arm 
(shoulder abduction, adduction, flexion, extension and hyperextension), 
de Freitas and Vitti (1981la and b) found middle trapezius and rhomboi- 
deus major consistently active at the moderate to marked levels. 


MOVEMENTS AND MUSCLES OF THE GLENOHUMERAL JOINT 


The chief muscles that act upon the shoulder (glenohumeral) joint are 
the deltoid, the pectorales (discussed above), the latissimus dorsi, teres 
major, and the four rotator cuff muscles—subscapularis, supraspinatus, 
infraspinatus and teres minor. The considerable interest these muscles 
have aroused among electromyographers is not surprising, for the move- 
ments and protection of the shoulder joint are of paramount importance. 
Both heads of biceps brachii play a modest role in shoulder function. 
Below are the composite results derived from the work of various 
authors. 


Abduction 


The activity in the deltoid increases progressively and becomes greatest 
between 90° and 180° of elevation (Fig. 12.2). The activity of supra- 
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Figure 12.2. Relation of EMG activity in deltoid (in arbitrary units) to degree of 
elevation of arm. The “action current potential” was in reality the smoothened 
voltage of the EMG signal; for a more complete explanation, see p 95. (From 
V.T. Inman et al, © Journal of Bone and Joint Surgery.) 


spinatus increases progressively, too (Inman et al). Thus, it is not simply 
an initiator of abduction, as was formerly taught. Many clinical studies 
by Basmajian’s group have conclusively substantiated these statements, 
as have those of Wertheimer and Ferraz (1958) and Comtet and Auffray 
(1970). Quite surprising but rational is the discovery by Van Linge and 
Mulder (1963) that complete experimental paralysis of supraspinatus in 
man simply reduces the force of abduction and power of endurance. 
They concluded that in abduction, supraspinatus plays only a quantita- 
tive, not a specialized role. No part of pectoralis major is active during 
abduction. The role of biceps brachii in abduction seems to be confined 
to a contribution in maintaining this position while the arm is laterally 
rotated and the forearm is supine. When the arm is medially rotated and 
the forearm prone, biceps does not contribute to abduction (Basmajian 
and Latif, 1957). 


Flexion 


The clavicular head of pectoralis major, along with the anterior fibers 
of deltoid, are the chief flexors (Shevlin et al, 1969; Okamoto et al, 
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1967). Okamoto (1968) showed that there are substantial variations in 
local EMG activity, depending on slight changes in resistances applied in 
varying ways. Both heads of biceps brachii are active in flexion of the 
shoulder joint, the long head being the more active (Basmajian and Latif, 
1957). 


Depressors of Humerus 


Subscapularis, infraspinatus, and teres minor were shown by Inman et 
al to form a functional group which acts as the second or inferior group 
of the force couple during abduction of the humerus. They act contin- 
uously during both abduction and flexion. In abduction, activity in 
infraspinatus and teres minor rises linearly while activity in subscapularis 
reaches a peak or plateau beyond the 90° angle and then falls off. 


Adduction 


Pectoralis major and latissimus dorsi produce adduction. The posterior 
fibers of deltoid are also very active, perhaps to resist the medial rotation 
that the main adductors would produce if unresisted (Scheving and 
Pauly, 1959). While the teres major acts only when there is resistance to 
the movement (Broome and Basmajian, 1971a), Jonsson et al (1972) 
report that when the arm is behind the coronal plane, adduction recruits 
teres major activity without added load. 


Teres Major and Latissimus Dorsi 


Teres major never exhibits activity during motion “but plays a peculiar 
role in that it only comes into action when it is necessary to maintain a 
static position, it reaches its maximum activity at about 90 degrees.” 
These statements of Inman and his colleagues have been neither chal- 
lenged nor confirmed until recently. Kamon (1966) finds that teres 
major is very active in movements of the free arm during gymnastics on 
the pommeled horse. On the other hand, even during the vigorous 
activity of shot-putting, the teres major remains relatively quiet (Her- 
mann, 1962). De Sousa et al (1969) reported that teres major was indeed 
active during active motion of the arm. 

The Broome and Basmajian study (1971a) was undertaken to clarify 
the disagreements because of the obvious importance of this large muscle. 
The closely related latissimus dorsi was studied simultaneously as a 
reference in 10 normal adult subjects. Bipolar wire (75 um) electrodes 
were inserted into the mass of the teres major 3 cm lateral and 3 cm 
superior to the inferior angle of the scapula, and into the latissimus dorsi 
muscle 4 cm below the inferior angle of the scapula. Subjects were 
directed through a series of motions of the shoulder and arm: (1) standing 
at rest with the arms hanging at the side; (2) medial rotation; (3) lateral 
rotation; (4) abduction; (5) adduction; (6) flexion; and (7) extension. 
These were first done without resistance and then against a resistance 
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force that either allowed or prevented completion of the arc of the 
motion. 

The teres major had no electrical activity in motions without resistance. 
But against active resistance, it consistently showed electrical activity 
during medial rotation, adduction, and extension in both the static and 
the dynamic exercises. The latissimus dorsi had similar activity during 
both static tension and resisted motion; without resistance, in five of the 
seven acceptable subjects latissimus dorsi had activity during medial 
rotation, adduction, and extension. 

The more precise and sensitive techniques used in the study by Broome 
and Basmajian appear to resolve the controversy over the functions of 
teres major. The key to the solution seems to be whether a movement 
or an attempted movement is always active. If added resistance is lacking, 
free movement of the shoulder joint in all its directions does not recruit 
the teres major, although it usually recruits its close relation, latissimus 
dorsi; when the arm is behind the back, teres major activity does appear 
“without resistance” during (hyper)extension and in adduction (Jonsson 
et al, 1972). 

As far as latissimus dorsi alone is concerned, there is little doubt of the 
powerful extensor activity of this muscle, and no one has found reason 
for doubting it during EMG studies. This is not the case for medial 
rotation. While an early study by Scheving and Pauly (1959) suggested 
that the muscle was the essential medial rotator, later investigations by 
de Sousa et al (1969) suggested that this view was fallacious and came 
from the concomitant adductor effect. Thus, while de Sousa et al clearly 
deny any rotatory function for latissimus dorsi, Broome and Basmajian 
confirmed earlier views. 

Jonsson et al (1972) also confirmed the common opinion that latissimus 
dorsi and the sternocostal part of pectoralis major depress the humerus. 

The only additional study of latissimus dorsi is that of Ito et al (1976) 
of Tokyo. With surface electrodes over six parts of the muscle in 10 
healthy men they found that the upper and lower parts have functional 
differences during varying movements. The upper part was markedly 
active during hyperextension; the lower, during lateral tilting of the 
pelvis. 


Deltoid 


Scheving and Pauly (1959) found that the three parts of deltoid are 
active in all movements of the arm, as did Yamshon and Bierman in an 
earlier and less sophisticated study (1949). In flexion and medial rotation, 
the anterior part is more active than the posterior; in extension and 
lateral rotation, the posterior is the more active; and in abduction the 
middle part is the most active. Scheving and Pauly believed that, although 
one part of deltoid may act as the prime mover, the other parts contract 
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to stabilize the joint in the glenoid cavity. They further recommended 
the inclusion of deltoid with the four rotator cuff muscles as stabilizers 
of the joint. However, later work (reported below) does not endorse 
their recommendations. 

Wertheimer and Ferraz (1958) and Shevlin et al (1969) found that the 
anterior part of deltoid shows its principle action in forward flexion of 
the shoulder joint but also participates in elevation and (slightly) in 
abduction of the arm. Deltoid does not participate in medial rotation. 
The intermediate portion acts strongly in abduction and elevation of the 
arm and also participates slightly in flexion and extension. The posterior 
part has its principal action in extension, but the action is inconstant and 
slight in abduction and elevation of the arm. Its participation in lateral 
rotation is minimal, being practically absent. 

If the humerus is flexed into the horizontal plane (in reference to the 
anatomical position), it may then be swung in backward arcs called 
horizontal extension-abduction and may be produced by the appropriate 
muscles of abduction and extension of the shoulder joint (principally, 
middle and posterior deltoid, infraspinatus, and teres minor). The op- 
posite movement—horizontal flexion-adduction—is produced mostly by 
the anterior deltoid and pectoralis major (Rasch and Burke, 1978). These 
movements are of special interest to sports kinesiologists. 

In sports, Hermann (1962), in an EMG study of shot-putting, found 
that ideally the anterior deltoid is active during the entire maneuver. 
The greatest contracting occurs during the thrust phase of the shoulder 
and arm but before the shot is released from the hand. The middle 
fibers come into play—and into very strong action—after the thrust is 
initiated. The posterior fibers play no important role until the moment 
just as the shot leaves the hand. Other applications of EMG analysis of 
the shoulder region in sports situations were reported by Kamon (1966), 
Kamon and Gormley (1968), Vitti and Bankoff (1979), and Hinson 
(1969). 


Biceps Brachii 


The finding of slight action of the biceps during flexion of the shoulder 
joint and nil activity during abduction with the arm medially rotated 
(Basmajian and Latif, 1957) confirmed the accepted teaching. More 
recently, Furlani (1976) agreed, but he added some useful details. During 
flexion with resistance (and with the elbow straight), both heads of biceps 
are always active. During abduction, resistance again recruits activity in 
both heads; the opposite movement, adduction against resistance, re- 
cruits activity in half of the short heads and nothing in the long head. 
The long head plays no role in rotatory movements of the shoulder, but 
the short head occasionally acts during medial rotation. 
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PREVENTION OF DOWNWARD DISLOCATION OF THE 
HUMERUS 


The part played by various muscles during movements of the shoulder 
joint has been the subject of investigation and argument for more than 
a century. Even though most of the important questions on movements 
in the shoulder area have been answered, little reliable information had 
been available regarding the role of such muscles in maintaining joint 
stability. In particular, the mechanism preventing downward dislocation 
or subluxation of the shoulder joint has not been adequately explained— 
indeed, it has been largely ignored. Cotton in 1921 and Fairbank in 
1948, considering the matter in connection with fractures of the humeral 
neck, both assigned the greatest importance to the vertically running 
scapulohumeral muscles, for example, deltoid and biceps. During some 
incidental studies of the region, Basmajian’s group were surprised to 
find the exact opposite. Therefore, to clarify the part played by the 
muscles and the capsule of the joint in preventing downward dislocation 
of the vertical or adducted humerus, the following two types of systematic 
investigation were performed (Basmajian and Bazant, 1959): (1) an EMG 
study of the deltoid, supraspinatus, infraspinatus, biceps, and triceps of 
a series of young men, using multiple concentric-needle electrodes; and 
(2) a study of gross dissections of the shoulder joint. 

The findings did not support the hypothesis advanced by Cotton and 
endorsed by Fairbank. In fact, they completely disagreed. It was apparent 
from the electromyographic results that the deltoid (the muscle one 
would expect to be especially active in preventing downward dislocation 
of the humerus) is inactive even with heavy pulls. Other muscles running 
vertically from the scapula to the humerus, particularly the biceps and 
the long head of triceps, were conspicuously inactive as well. Therefore, 
there now seems to be little, if any, reason to doubt that downward 
dislocation is prevented by the superior part of the capsule, along with 
the supraspinatus (and to a lesser extent the posterior fibers of the 
deltoid). Strangely enough, these structures run in a horizontal and not 
in a vertical direction (Fig. 12.3). Bearn (1961) confirmed the findings 
(in considerable detail) quite independently and using loads of 25 Ibs. 

The mechanism by which these horizontally placed structures succeed 
is dependent upon a well-known, but previously unexplained fact, 
namely, the obliquity of the glenoid fossa. When the scapula is examined 
in its correct orientation, invariably it is found to face somewhat upward 
in addition to forward and laterally (Fig. 12.4). This slope of the glenoid 
fossa—particularly its lower part—plays an important role in preventing 
downward dislocation or subluxation. As the head of the humerus is 
pulled downward, it is of necessity forced laterally because of the slope 
of the glenoid fossa (Fig. 12.5). If this lateral movement could be stopped, 
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Figure 12.3. EMGs (a) during abduction; b, unloaded arm hanging; and c, heavy 
downward pull applied to arm. Lines 1, 2, and 3: Anterior, middle, and posterior 
fibers of deltoid; line 4: supraspinatus; line 5: time marker, 10-ms intervals. (From 
J.V. Basmajian, © 1961, Canadian Journal of Surgery.) 


the result would be a stopping of the downward movement. The superior 
part of the capsule of the joint and the supraspinatus (as well as the 
posterior fibers of the deltoid) are so placed that they can—indeed they 
must—tighten to prevent the downward dislocation (Fig. 12.6). Simple 


Figure 12.4. Correct orientation of the right scapula viewed directly from in 
front at eye level. (From J.V. Basmajian and F.J. Bazant, © 1959, Journal of Bone 
and Joint Surgery.) 
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Figure 12.5. Diagram to illustrate locking mechanism at shoulder. The farther 
down the slope the ball slides, the farther laterally it is displaced. If the lateral 
displacement can be prevented, the ball cannot move downward. (From 
J.V. Basmajian and F.). Bazant, © 1959, Journal of Bone and Joint Surgery.) 


as this explanation may seem, it is dependent on our findings that (1) the 
vertically placed muscles definitely remain relaxed while (2) the supra- 
spinatus (and posterior deltoid) become quite active and (3) the superior 
part of the capsule becomes taut. The very rareness of downward 
dislocation of the normal shoulder joint confirms the effectiveness of this 
locking mechanism. 

The ordinary effect of gravity on the unloaded arm is counteracted in 
many persons by the superior part of the capsule. In this area the 
coracohumeral ligament forms a real thickening, and apparently this is 
an important function of the ligament. With moderate or heavy loads, 
the supraspinatus is called upon to reinforce the horizontal tension of 
the capsule; in some persons it is required even without a load. The 
posterior fibers of the deltoid, imitating in general the direction of the 
supraspinatus, must act in the same way but to a lesser extent. 

The well-known subluxation that occurs in the humeral head of many 
patients after a stroke now can be explained and alleviated. The drooping 
shoulder region causes relative abduction of the humerus, unlocking the 
natural locking mechanism. Chaco and Wolf (1971) have gone further 
to demonstrate that in flaccid hemiplegia, actual supraspinatus weakness 
plays an important part in the subluxation. More recently Peat and 
Grahame (1977) described an excellent method for EMG evaluation of 
the shoulder region in hemiplegic patients. 

The locking mechanism cannot operate when there is abduction of 
the humerus. As a result, the head can be easily subluxated when it is in 
the abducted position in the cadaver. Fairbank convincingly demon- 
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Figure 12.6. Diagram contrasting presence of moderate activity in supraspinatus 
with none in deltoid during loading in the direction of arrow (see text). 


strated that subluxation can also be produced in anesthetized normal 
men, but his roentgenograms of the subluxated shoulders show in each 
case a real degree of abduction of the humerus in relation to the position 
of the scapula. It would appear that in these unconscious subjects the 
subluxation was preceded by a drawing downward of the glenoid fossa 
(that is, relative abduction of the humerus and thus a neutralization of 
the locking mechanism). The muscles that prevent dislocation of the 
joint in its unstable position are the “rotator cuff” muscles—supra- 
spinatus, infraspinatus, teres minor, and subscapularis (and perhaps teres 
major and other muscles spanning the joint). 


ELBOW FLEXORS 


Although they can be felt quite easily, the biceps brachii, the brachialis, 
and the brachioradialis have not been fully understood as far as their 
integrated functions are concerned. Furthermore, both Duchenne and 
Beevor introduced and perpetuated errors that require correction. And 
again, although it is obvious that these muscles are primarily concerned 
with flexion, a variety of theories have obscured the role played by each 
during flexion and other movements of the elbow. It is probably fair to 
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say that the few formal studies of these muscles (both with and without 
objective techniques) have been either too sharply circumscribed in 
approach or too highly generalized and deductive. 

For these reasons, a detailed EMG study was made of both heads of 
the biceps, the brachialis, and the brachioradialis in a long series of 
young adults (Basmajian and Latif, 1957). A careful consideration of the 
time sequence of activity indicated there is a completely random selection 
in the sequence of appearance and disappearance of activity in these 
muscles. For example, during slow flexion with the forearm supine, all 
the muscles that showed any activity began this activity simultaneously 
in about half of the subjects. However, in only about one-quarter of 
them did the activity end simultaneously. In a small number in whom 
the activity did not begin simultaneously, it did, however, end simulta- 
neously. 

Any of the muscles that was to show activity during a movement 
functioned first or last in an unpredictable fashion, i.e., there was no set 
pattern. In the same way, the activity ceased in the muscles in an 
unpredictable order. Morever, the muscle that was to show the greatest 
activity in individual subjects only occasionally began first and ended 
last. 

These results provided convincing evidence that in the movements 
produced by the biceps, the brachialis, and the brachioradialis there was 
a fine interplay between them; this was to be expected. What is more 
striking, however, was the wide range of response from any one muscle 
in the series. Thus, although a general trend may be described, there 
was rarely any unanimity of action. For example, the brachialis was 
generally markedly active during quick flexion of the supine forearm, 
but in one subject it was completely inactive. 

These findings reemphasize the general biological principle that there 
is a range of response in any phenomenon. It would seem that anatomists 
and clinicians have taken too little heed of this wide range of individual 
pattern of activity in something even so simple as elbow-flexion. 

In the Basmajian/Latif study, the long head of the biceps showed more 
activity than the short head in the majority of the subjects during slow 
flexion of the forearm, during supination of the forearm against resist- 
ance, and during flexion of the shoulder joint (although there was little 
difference between the activity of the two heads during isometric con- 
traction and during extension of the elbow). Sullivan et al (1950) re- 
ported similar findings in a more limited but fine experimental series 
with surface electrodes during flexion only. 

The biceps is generally active during flexion of the supine forearm 
under all conditions and during flexion of the semiprone forearm when 
a load (of about 1 kg) is lifted (Fig. 12.7). However, with the forearm 


278 MUSCLES ALIVE 
NO LOAD 


een 6 wee 
short head 


brachialis 


br-radialis 
time mark 


WITH LOAD 
frac Tact cane aged Sa anak cakondealenabaeie dopoate 


long head 
short head 


brachialis 
br-ra dialis 


time mark 


Figure 12.7. EMGs of the two heads of biceps, the brachialis, and the brachio- 
radialis during slow flexion of semiprone forearm. 


prone, in the majority of instances biceps plays little if any role in flexion, 
in maintenance of elbow flexion, and in antagonistic action during 
extension, even with the load. Beevor (1903, 1904) stated that if the 
forearm is in supination the biceps acts during flexion when there is a 
resistance of as little as 120 g, but that in a position of complete pronation 
it does not act until the resistance is at least 2 kg. The results of the 
EMG study support Beevor’s observations in regard to flexion. 

Bankov and J¢rgensen (1969) convincingly showed that both in iso- 
metric and in dynamic contractions the maximum strength in the elbow 
flexors is smaller with the pronated, as compared with the supinated, 
forearm. The integrated rectified EMG signals of biceps were consider- 
ably reduced in the pronated forearm. Confirmatory studies were done 
by Settineri and Rodriguez (1974). 

The biceps is usually described as a supinator of the forearm. In the 
Basmajian/Latif study, no activity in the muscle was demonstrated in the 
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majority of the subjects during supination of the extended forearm 
through the whole range of movement, except when resistance to supi- 
nation was given. However, activity was observed in all the subjects when 
supination was strongly resisted. It follows that, generally, the biceps is 
not a supinator of the extended forearm unless supination is resisted. 

It is necessary to explain why the biceps does not ordinarily supinate 
the extended forearm. It appears that because of the tendency of the 
biceps to flex the forearm, it is reflexly inhibited. Thus, the extended 
position of the forearm is maintained while the supinator does the 
supinating. On the other hand, when supination is resisted, the biceps 
comes into strong action, and we have noted that usually the previously 
extended forearm is partly flexed as well during supination against 
resistance. For actions of biceps at the shoulder, see p 272. 

The brachialis has been generally and erroneously considered by 
anatomists to be a muscle of speed rather than one of power because of 
its short leverage. Basmajian and Latif found it to be a flexor of the 
supine, semiprone, and prone forearm in slow or quick flexion, with or 
without an added weight. McGregor (1950) has correctly described it as 
a “flexor par excellence of the elbow joint.” Apparently brachialis is called 
upon to flex the forearm in all positions because the line of its pull does 
not change with pronation or supination. 

Maintenance of specific flexed postures of the elbow, i.e., isometric 
contraction, and the movement of slow extension when the flexors must 
act as antigravity muscles both generally bring the brachialis into activity 
in all positions of the forearm. This is not the case with the other two 
flexor muscles. Thus, the brachialis may also be designated the “work- 
horse” among the flexor muscles of the elbow. 

A short burst of activity is generally seen in all the muscles during 
quick extension. This activity can hardly be considered antagonistic in 
the usual sense. Rather, it may provide a protective function for the 
joint. Biceps is particularly active during quick extension with an added 
load. 

In the past, the brachioradialis has been described as a flexor, acting 
to its best advantage in the semiprone position of the forearm. Basmajian 
and Latif found in most subjects that the brachioradialis does not play 
any appreciable role during maintenance of elbow flexion and during 
slow flexion and extension when the movement is carried out without a 
weight. When a weight is lifted during flexion, the brachioradialis is 
generally moderately active in the semiprone or prone position of the 
forearm and is slightly active in the supine position. There is no compa- 
rable increase in activity with the addition of weight during maintenance 
of flexion and during slow extension. Also, in most instances the brach- 
ioradialis was quite active in all three positions of the forearm during 
quick flexion and extension. It follows that the muscle is a reserve for 
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occasions when speedy movement is required and when weight is to be 
lifted, especially in the semiprone and the prone positions. In the latter 
position, the biceps usually does not come into prominent action. Fur- 
thermore, the activity of the brachioradialis in speedy movements is 
related to its function as a shunt muscle. 

The brachioradialis has been described since Duchenne’s day as a 
supinator of the prone forearm and a pronator of the supine forearm 
acting to the semiprone position in both cases. The Basmajian/Latif 
study showed that it neither supinates nor pronates the extended forearm 
unless these movements are performed against resistance. Here, at most, 
brachioradialis acts only as an accessory muscle, coming into action when 
strength is required to supinate or to pronate the forearm. More prob- 
ably, it acts only asa synergist. 

All of the observations strongly suggest that the biceps, the brachialis, 
and the brachioradialis differ in their flexor activity in the three positions 
of the forearm (prone, semiprone, and supine). However, all three 
muscles act maximally when a weight is lifted during flexion of the 
semiprone forearm. The semiprone position of the forearm has been 
described as the natural position of the forearm, the position of rest and 
the position of greatest advantage for most functions of the upper limb 
(Basmajian, 1955a). 


Pronator Teres and Elbow Flexion 


Basmajian and Travill (1961) showed that pronator teres contributes 
to elbow flexion only when resistance is offered to the movement. It 
shows no activity during unresisted flexion, whether the forearm is 
prone, semiprone, or supine (see Fig. 12.10 on p 284.) 

Before leaving the flexor muscles of the elbow, we might note that 
Wells and Morehouse (1950) believed that biceps and triceps (and 
latissimus dorsi) act as cocontractors in exerting a pull such as on an 
aircraft control stick. They found that the extent of the “contribution” 
each muscle makes is altered when the position of the arm is changed 
(see p 277). When the arm is pulling in an extended position, the biceps 
dominates the action, but in the flexed or intermediate position, triceps 
is brought strongly into action. These findings can hardly be valid 
evidence of cocontraction because of many complicating factors in the 
set-up. However, Wells and Morehouse did show that, as far as muscular 
dynamics is concerned, “the best arm position of a pilot seated in a 
conventional upright position and operating a control stick is one which | 
is intermediate between flexion and extension.” 


TRICEPS BRACHII AND ANCONEUS 


Travill (1962) found that the long head of triceps is surprisingly 
quiescent during active extension of the elbow, regardless of the position 
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of either the subject or his limb. The medial head, however, is always 
active and appears to be the prime extensor of the elbow; meanwhile, 
the lateral head shows some activity as well. Against resistance, the lateral 
and long heads are recruited. Therefore, we might compare the medial 
head of triceps to the brachialis, which we noted above to be the 
workhorse of the elbow flexors; it is the workhorse of the extensors. The 
lateral and long heads are reserves for extension, just as the two heads 
of biceps are reserves for flexion. Isometric contractions against immov- 
able resistances at 60°, 90°, and 120° produce a rising amount of 
myoelectric activity (Currier, 1972). There is also a considerable amount 
of decrease during learning acquired with repetition (Payton, 1974). 

Travill confirmed Duchenne’s view that, of the two superficial heads, 
the long head is the less powerful during extension. This is probably due 
to the lack of fixation of the scapular origin and the necessity of adducting 
the shoulder with the forearm either flexed or extended. Too strong a 
contribution from the long head would tend to give extension during 
adduction of the arm. 

Ina series of three papers, investigators at the Pitié-Salpétriére in Paris 
have further clarified the functions of the three heads of triceps and the 
related anconeus (Le Bozec et al, 1980a and b; Maton et al, 1980; Le 
Bozec and Maton, 1982). During different levels of static work at a right 
angle, the integrated EMG of the three heads of triceps increases quad- 
ratically with torque with somewhat similar (but not identical) increases 
in anconeus. During voluntary extension at different velocities and 
inertias, the muscular activity increases linearly with the external work 
but the activity in the three heads of triceps has different chronologies, 
depending on shifting conditions. Anconeus is particularly active with 
slow movements. During rapid flexion, the braking or antagonist effects 
are shared by muscular responses in the two muscles; they are much 
reduced during slow flexion. (Anconeus is discussed further at the end 
of the chapter.) 


PRONATION AND SUPINATION OF FOREARM 
Pronators 


Until recently no accurate authoritative information existed on the 
relative functional roles of the two pronator muscles, although their 
gross anatomy is adequately described in the standard textbooks. Inves- 
tigation of the pronator teres and the pronator quadratus in a series of 
volunteers revealed that the few remarks on function that are presently 
available in books are largely misleading (Basmajian and Travill, 1961). 

In each subject three groups of records were made from needle 
electrodes (Fig. 12.8). In the first group, the elbow was kept in the 
extended, fully supported position on the table top (Fig. 12.9, a). In the 
second group, the elbow was flexed to a right angle, with the forearm 
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Figure 12.8. Diagram of electrode placement in pronator quadratus. (From 
J.V. Basmajian and A. Travill, © 1961, Anatomical Record.) 


vertical and the arm and elbow supported (Fig. 12.9, 6). In the third 
group, the elbow was flexed to an acute angle while it was still fully 
supported (Fig. 12.9, ). In each of these three groups of tests, records 
from the two muscles were made during the following movements and 
positions: (1) slow pronation from the comfortable supine position to the 
fully prone position; (2) fast pronation through the above range; (3) 
“hold” in the fully prone position; (4) slow supination through the whole 


Figure 12.9. Diagram of primary positions of limb during three groups of tests 
(see text). (From J.V. Basmajian and A. Travill, © 1961, Anatomical Record.) 
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range to full (forced) supination; and (5) fast supination through the 
above range. 

Both pronator quadratus and pronator teres are active during prona- 
tion, the consistent prime pronating muscle being the pronator quadratus 
(Fig. 12.10). This is true, irrespective of the positions of the forearm in 
space or the angulation of the elbow joint. In general, the pronator teres 
is called in as a reinforcing pronator whenever the action of pronation is 
rapid. Similar reinforcement occurs during pronation against resistance. 

Whether pronation is fast or slow, the activity in the pronator quad- 
ratus is markedly greater than that in the pronator teres. This observation 
conflicts with the opinions offered in a number of the internationally 
recognized textbooks (Steindler, 1955; Johnston et al, 1958; Hamilton 
and Appleton, 1956; Lockhart et al, 1959). Some writers sit squarely on 
the fence and suggest that both muscles pronate without preference. 
Only two books suggested before 1960 that the pronator quadratus is 
the main pronator (Hollinshead, 1958; Basmajian, 1960). 

A number of authors likewise expressed the view that the pronator 
teres displays its greatest activity either during midflexion of the elbow 
(Steindler, 1955; Lockhart, 1951) or during full extension (Hamilton 
and Appleton, 1956; Hollinshead, 1958). However, regardless of 
whether the pronating action is carried out swiftly or slowly, the angle 
of the elbow joint has no bearing on the amount of activity of the 
pronator teres. 

During slow supination there is no activity whatsoever in either of the 
pronators—although some have suggested that the deeper layer of the 
pronator quadratus acts as a supinator. De Sousa et al (1957, 1958), 
using a different approach, have independently arrived at the same 
conclusion. 

During fast supination, there is negligible activity in the pronators. 
This is rather surprising in view of earlier work, mentioned above, on 
the EMG activity of the biceps and triceps during flexion and extension 
of the elbow (Barnett and Harding, 1955; Basmajian and Latif, 1957). 
In those muscles, a sharp burst of antagonistic activity occurs during fast 
movements, this activity being thought to be the manifestation of a 
protective stretch reflex. 

De Sousa and his colleagues (1957, 1958, 1961) in Sao Paulo, Brazil, 
showed that pronator quadratus is a pronator only. They agree with 
Basmajian and Travill that it participates in normal pronation, but there 
is some difficulty in reconciling their finding that there is little early 
activity in pronator quadratus during the early stages of pronation. Their 
explanation of the difficulty, which indeed seems to be a valid one, is 
that at the beginning of unresisted pronation the natural elastic recoil 
from complete supination is quite enough. Basmajian/Travill “prona- 
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tions” were begun from the comfortably supine, not the fully supine, 
position. In any case, pronator teres acted no earlier than quadratus in 
their series. Moreover, the flexor carpi radialis, brachioradialis and 
extensor carpi ulnaris were shown to have no pronating function. 


Supinators 


Supination of the forearm in man is undeniably of fundamental im- 
portance and yet, all too often, the parts played by the chief supinator 
muscles are either ignored or taken for granted. Throughout the text- 
books, there is no thread of consistency, and the truth appears to be so 
tangled with hopeful guesses it cannot be recognized. For example, only 
in recent years did electromyography confirm Beevor’s strong insistence 
in 1903 that brachioradialis (known for years as “supinator longus”) is 
not a true supinator (see p 278). 

Therefore, an electromyographic study of the supinator and the biceps 
brachii was justified (Travill and Basmajian, 1961). This study was 
complementary to and, in part, overlapped by that on the pronator 
muscles outlined above. A needle electrode was inserted into the middle 
of each of the following four muscles: the supinator; the biceps brachii; 
the pronator quadratus; and the pronator teres, the pronators being 
tested simultaneously as controls only. 

Two series of recordings were made from each subject: the first series 
with the elbow extended, the second with the elbow flexed to 90°. With 
each of these two positions recordings were made during: (1) the move- 
ment of supination from full position; (2) the “hold” position of maximum 
supination; and, finally, (3) the return movement of pronation to the 
original comfortably supine position. Recordings were made during slow 
movements, fast movements, and forceful movements against the resist- 
ance offered by the grip of an observer. 

Slow unresisted supination, whatever the position of the forearm, is 
brought about by the independent action of the supinator (Fig. 12.11). 
Similarly, fast supination in the extended position requires only the 
supinator, but fast unresisted supination with the elbow flexed is assisted 
by the action of the biceps. All movements of forceful supination against 
resistance require the cooperation of the biceps in varying degrees. 

This last-mentioned cooperative activity of the supinator and the biceps 
during resisted supination, especially when the elbow is flexed, had never 
been seriously questioned in the past. Primacy of the supinator during 
the unresisted movement has not, however, received such universal 
acceptance, even though it was first suggested by Duchenne and broadly 
hinted at by Bierman and Yamshon (1948). For example, Steindler 
(1955) and Gardner et al (1960) emphasize only the power of the biceps 
against resistance; this power is undeniable. 
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Figure 12.11. EMG recordings during A (slow supination), B (fast supination), C 
(forceful supination against resistance), and D (pronation of the forearm). Channel 
1, supinator; 2, biceps brachii; 3, pronator teres; 4, pronator quadratus. Time 
marker, 10-ms intervals. (From A. Travill and J.V. Basmajian, © 1961, Anatomical 
Record.) 


During supination, the action of supinator is augmented by that of the 
biceps. This was similar to the earlier findings for pronation, where 
pronator quadratus is augmented by the pronator teres when required 
(Basmajian and Travill, 1961). 

Both the supinator muscles are completely relaxed during pronation 
(slow, fast, or resisted). This is again similar to the findings for pronation, 
wherein complete relaxation of the pronator quadratus and the pronator 
teres during supination is the rule. 

The “hold” or static position of supination depends on activity in 
supinator for the maintenance of the supine posture. Against added 
resistance, however, the biceps always becomes active. The movement 
of supination is initiated and mostly maintained, by the supinator; it is 
only assisted by the biceps as needed to overcome added resistance. 


Anconeus 


This small muscle has been the subject of controversy since Duchenne 
suggested a special role for it, that of abduction of the ulna during 
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pronation of the forearm. On the other hand, one never sees cases of 
localized paralysis of anconeus from which its role as an abductor could 
be confirmed. Furthermore, pronation is equally efficient with or without 
abduction. However, some simple observations reveal that the usual way 
in which most persons carry out pronation includes the slight abduction 
of the ulna. Thus the hand can be “turned over” without its shifting 
away from its original position. The anconeus is in the ideal position to 
perform this secondary movement. 

Under the direction of Professor de Sousa of Sao Paulo, Brazil, Da 
Hora (1959) of the University of Recife reinvestigated anconeus mor- 
phologically and electromyographically. From the latter study he con- 
cluded that anconeus was always active during extension of the elbow. 
What is surprising, however, is his finding that it is active in both 
pronation and supination, whether these movements are resisted or 
unresisted. He also reported activity during flexion of the elbow, espe- 
cially against resistance. 

Ray et al (1951) reported that anconeus was very active during the 
whole of pronation. However, Travill (1962) concluded from his EMG 
study of this muscle that it is only active when resistance is offered to the 
movement—but it is quite as active during resisted supination. All 
authors confirm the classical view that anconeus is most active during 
extension of the elbow. 

Because bipolar wire electrodes and other refinements in EMG might 
solve the enigma and because orthopedic surgeons continued to ask 
questions about the anconeus, a formal electromyographic study of the 
anconeus in 10 subjects, as well as their related muscles for comparison, 
was undertaken (Basmajian and Griffin, 1972). Bipolar wire electrodes 
were inserted into the middle of the bellies of the anconeus, supinator, 
triceps (medial head), and pronator teres. An electrogoniometer moni- 
tored and recorded elbow angle, which was held constant at a series of 
angles (Fig. 12.12) by a special holding device. 

The electromyographic results for supination, pronation, and exten- 
sion in anconeus alone are summarized in Figure 12.12 (left). It shows 
that extension recruits somewhat more than moderate activity while 
pronation and supination elicit moderate activity in the anconeus through 
most of the range of elbow motion. 

Comparing the anconeus with the medial head of triceps shows simi- 
larity in activity levels with some mild variations in detail (Fig. 12.12, 
right). 

During supination the (expected) marked activity in supinator and 
relative quiet of the pronator teres are accompanied by moderate activity 
in the anconeus and slight to moderate activity in the triceps. During 
pronation, moderate activity in the anconeus is accompanied by slight to 
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Figure 12.12. (Left) Graph of electromyographic activity in anconeus during 
supination, pronation, and extension of elbow. (Right) Graph comparing electro- 
myographic activity in anconeus and triceps (medial head) during extension of 
elbow. (From J.V. Basmajian and W.R. Griffin, © 1972, Journal of Bone and Joint 
Surgery.) 


moderate activity in the supinator and triceps (see Fig. 12.13). Gleason 
et al (1983) reported in a “Letter to the Editor” that pronation around 
the axis joining the radial head to the middle finger recruits more activity, 
suggesting an ulnar-abduction function. 

A definite function for the anconeus is still not proved, but its moderate 
activity during both pronation and supination (especially at their ex- 
tremes), also described by Da Hora and by Travill, gives little support to 
Duchenne’s proposed function of ulnar deviation during pronation, 
except perhaps in the above type of pronation. Rather, it suggests some 
form of joint stabilization. This synergy is apparently shared by the 
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Figure 12.13. (Left) Graph comparing activity in four muscles during supination 
of the elbow at various set angles of the elbow. (Right) Graph comparing activity 
in four muscles during pronation of the elbow at various set angles of the elbow. 
(From J.V. Basmajian and W.R. Griffin, © 1972, Journal of Bone and Joint Surgery.) 
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closely related medial head of triceps and perhaps the supinator (Bas- 
majian and Griffin, 1972). 
FOREARM-HAND SYNERGIES 

All forearm muscles contribute to hand function, including the supi- 
nators and the pronators; they contract to various degrees during finger 
movements (see p 307). 


CHAPTER 13 


Wrist, Hand, and Fingers 


The two radial extensors of the wrist were the early special subject of 
electromyographic examination by Tournay and Paillard (1953). They 
showed that during pure extension of the wrist the extensor carpi radialis 
brevis is much more active than the longus, whether the movement is 
slow or fast. Actually, except with fast extension, the longus was essen- 
tially inactive. However, the roles of the two muscles are completely 
reversed during prehension or fist-making; now the longus is very active 
as a synergist. This appears to be an extremely important observation. 
The two muscles are both quite active during abduction of the wrist, as 
one would guess from their positions. 

Backdahl and Carls66 (1961) found that during extension of the wrist 
there is a reciprocal innervation between extensors and flexors. Exten- 
sores carpi radiales (longus and brevis) and extensor carpi ulnaris, as well 
as the extensor digitorum, work synchronously; none seems to be the 
prime mover. This was confirmed by McFarland et al (1962). During 
forced extreme flexion of the wrist, there is a reactive cocontraction of 
the extensor carpi ulnaris, apparently to stabilize the wrist joint; this does 
not occur with the extensor digitorum and extensores carpi radiales. 

During flexion of the wrist, the flexores carpi radialis, ulnaris, and 
digitorum superficialis act synchronously, according to Backdahl and 
Carls66—none is the prime mover. Flexor digitorum profundus plays 
no role. Two possible muscles in the antagonist position (the radial 
extensors of the wrist and the extensors of the fingers) are passive, even 
in extreme flexion of the wrist, but the extensor carpi ulnaris shows 
marked activity as an antagonist. 

In abduction and adduction, the appropriate flexors and extensors act 
reciprocally as one might expect, with the antagonist muscles relaxing. 
Extensor digitorum contracts during abduction (radial abduction), but 
Backdahl and Carlso6 found that this contraction is not limited to the 
radial part of the muscle. Apparently this last activity has a synergistic 
function. McFarland et al also found activity in extensor digitorum 
during extremes of abduction and adduction of the wrist; moreover, the 
flexor digitorum superficialis was active too. This group of investigators 
also emphasizes the uniform occurrence of antagonist activity in the 
flexors when the wrist is extended and the metacarpophalangeal joints 
is hyperextended. 


FINGERS 


Increasing scientific attention to the movement of the fingers has 
appeared. Person and Roshtchina (1958) of Moscow were concerned 
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with the nervous mechanisms that enable a person to perform isolated 
movements of a single finger. They studied the common flexors and 
extensors of the fingers during rhythmic flexions and extensions. When 
all the fingers are moving simultaneously, the activity of the “antagonist” 
muscles conforms to the principle of reciprocal inhibition (p 223). When 
only the little finger or ring finger is moving while the others are 
extended, the extensor is active during both extension and flexion. When 
one finger is moved while the others are kept bent, the flexor is active 
during both movements. 

If a single finger moves, the “antagonist” must remain active to 
immobilize the other fingers. However, if the other fingers are held 
immobile by an observer, there is no activity in the antagonist muscle. 

Backhouse and Catton (1954) studied the lumbricals of the hand and 
proved conclusively that they are only important in extension of the 
interphalangeal joints, reinforcing the action of the extensor digitorum 
and interossei. They agree in large measure with the Australian anatomist 
Sunderland (1945), who suggested that the importance of lumbrical- 
interosseus extension at the interphalangeal joints is in the prevention of 
hyperextension of the proximal phalanx by the extensor digitorum. This 
preventive action allows a more efficient pull on the dorsal expansion 
which extends the interphalangeal joints (Figs. 13.1—13.3). 

Metacarpophalangeal flexion is performed by a lumbrical only when 
the interphalangeal joints are extended. Backhouse and Catton con- 
cluded that a lumbrical has no effect on rotation or radial deviation of 
its finger during opposition with the thumb (as first suggested by Braith- 
waite et al, 1948, in their classic morphological study). 

At Washington University in St. Louis, Lake (1954, 1957) made a 
simultaneous study of the extensor digitorum (communis), flexor digi- 
torum superficialis (or sublimis), and the second and third dorsal inter- 
ossei. She found that the extensor digitorum begins or increases its 
activity with the inception of interphalangeal (IP) joint extension, re- 
gardless of the position of the metacarpophalangeal (MP) joints. During 
extension or hyperextension of the MP joint, extensor digitorum alone 
was active. 

Flexor digitorum superficialis is active during flexion of the middle 
phalanx (proximal IP joint), and it is active in flexion of the MP joint, 
provided that the next distal joint is stabilized. Surprisingly, the superfi- 
cialis is active during rapid, forceful IP extension, regardless of the 
position of the MP joint. 

The interossei in Lake’s research were found to be markedly active 
from the very onset of flexion of the MP joint, even with moderate 
effort. IP joint position was of no consequence in this. The interossei 
also showed activity before the onset of visible extension in either the 
proximal or distal IP joint. In the case of extension of the proximal joint, 
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Figure 13.1. EMG recordings of a lumbrical muscle in several positions of the 
hand. (From K.M. Backhouse and W.T. Catton, © 1954, Journal of Anatomy.) 


the distal joint had to be extended simultaneously, but the position of 
the MP joint was not important. 

Meanwhile, Brown et al (1960) and Long et al (1960, 1961, 1970) at 
Case Western Reserve University in Cleveland completed a comprehen- 
sive and ingenious study of the hand musculature, the results of which 
add to our understanding of its kinesiology. Using multiple indwelling 
pliable wire electrodes, this group concluded that the interossei of the 
hand act as MP flexors only when their other action of IP extension does 
not conflict. Therefore they act best and strongest when combined MP- 
flexion—IP-extension is performed. During all IP extension, the intrinsic 
muscles of the hand contract, regardless of MP posture. 

They concluded that the long tendons of the fingers provide the gross 
motion of opening and closing of the fist at all the joints simultaneously. 
However, the intrinsic muscles perform their major function during any 
departure from this simple total opening or closing movement. Thus, 
they are the primary IP extensors while the MP joints are flexing. 

Long and Brown (1962, 1964) confirmed and expanded on their 
preliminary findings for the lumbricals. In general, these findings con- 
firm those of Backhouse and Catton (see above). The lumbricals are 
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Figure 13.2. EMG recordings for second lumbrical muscle while middle finger 
is in different positions. (From K.M. Backhouse and W.T. Catton, © 1954, Journal 
of Anatomy.) 


silent during total flexion of the entire finger but are very active when- 
ever the proximal or distal IP joints are extended actively or are held 
extended while the MP joint is flexed actively. The lumbricals can be 
kept very quiet during MP movements in any direction by keeping the 
IP joints fully flexed. 

To summarize, Long and Brown conclude that the interossei and the 
lumbrical of one finger do not form a functional unit—they act dis- 
cretely. The interossei participate in IP extension only when the MP 
joint is either flexing or held flexed. The lumbrical always takes part in 
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Figure 13.3. EMG recordings of lumbrical. 7, relaxed in extension with ulnar 
deviation; 2, radial deviation against resistance. (From K.M. Backhouse and W.T. 
Catton, © 1954, Journal of Anatomy.) 


294 MUSCLES ALIVE 


interphalangeal extension. It shows a crescendo of activity throughout 
the movement, reaching a peak at full extension. This suggests that its 
function may include prevention of hyperextension at the MP joint. 
Neither the interossei nor lumbrical of the middle finger acts during 
closing of the full hand, suggesting that in this total movement they are 
not synergists. 

The activity of the long extensors and flexors occurs in special se- 
quences. Extensor digitorum acts during MP extension—in both the 
movement and the “hold” position. But it is also active in many flexion 
movements of that joint, apparently acting as a brake. The flexor 
profundus is the most consistently active flexor of the finger. Joined by 
the flexor superficialis, the profundus may act as a flexor of the wrist 
joint also. The superficialis has its maximal action when the hand is being 
closed or held closed without flexion of the distal IP joint. 


Power Grip and Precision Handling 


The important paper by Long et al (1970) is the bedrock of all recent 
EMG confirmation and clarification of the fine functioning of the human 
hand. One can do no better than to quote or paraphrase their main 
conclusions and to recommend consulting the original to readers who 
want further details. 


POWER GRIP 


In power grip the extrinsics provide the major gripping force. All of 
the extrinsics are involved in power gripping and are used in proportion 
to the desired force to be used against the external force. 

The major intrinsic muscles of power grip are the interossei, used as 
phalangeal rotators and metacarpophalangeal flexors. The lumbricales, 
with exception of the fourth, are not significantly used in power grip. 
The thenar muscles are used in all forms of power grip except hook 

rip. 

Ohtsuki (1981) investigated the electromyography and biomechanics 
of the decrease in grip strength induced by simultaneous bilateral exer- 
tion. Voluntary maximum isometric grip strength was measured under 
the conditions of simultaneous bilateral and separate unilateral exertion 
on 16 male and 8 female subjects. Strengths of each finger and surface 
electromyograms of finger flexors in the forearm were recorded concur- 
rently with grip strength recording. The following results were obtained: 
(1) grip strength and integrated rectified EMG signals of both arms were 
significantly reduced by simultaneous bilateral exertion; (2) the decrease 
ratio in strength was 5-14%; (3) there was an obvious linear relationship 
between grip strength and integrated rectified EMG signal both for 
original values and for decrease ratios; (4) parallelism between strength 
and electrical activity of muscle suggests that neurophysiological mech- 
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anism subserve this strength decrease; (5) the middle finger occupied the 
largest share of grip strength and the ring, index, and little finger 
followed in decreasing order; and (6) the proportion occupied by each 
finger in decrease ratio of grip strength was largest in the case of the 
middle finger, followed by other fingers in the same order as strength 
share, especially for male subjects. 


PRECISION HANDLING 

In precision handling, specific extrinsic muscles provide gross motion 
and compressive forces. 

In rotation motions the interossei are important in imposing the 
necessary rotational forces on the object to be rotated; the motion of the 
metacarpophalangeal joint that provides this rotation is abduction or 
adduction, not rotation of the first phalanx. The lumbricales are inter- 
phalangeal joint extensors as in the unloaded hand, and additionally are 
first phalangeal abductor-adductors and rotators. 

In translation motions towards the palm, the interossei provide intrin- 
sic compression and rotation forces for most efficient finger positioning; 
the lumbricalis is not active. Moving away from the palm the handled 
object is driven by interossei and lumbricales to provide intrinsic com- 
pression and metacarpophalangeal-joint flexion and interphalangeal- 
joint extension. 

The thenar muscles in precision handling act as a triad of flexor pollicis 
brevis, opponens pollicis, and abductor pollicis brevis to provide adduc- 
tion across the palm, medial rotation of the first metacarpal, and main- 
tenance of web space depth. 

The adductor pollicis is used in specific situations when force is 
required to adduct the first metacarpal towards the second. 


PINCH 


In pinch, compression is provided primarily by the extrinsic muscles. 
Phalangeal rotational position is adjusted by the interossei and perhaps 
also by the lumbricales. Compression is assisted by the metarcapophal- 
angeal joint flexion force of the interossei and flexor pollicis brevis and 
by the adducting force of the adductor pollicis. The opponens assists 
through rotational positioning of the first metacarpal (Long et al, 1970). 

Brandell (1970) used the manipulation of a ruler, pencil, and paper to 
determine the fine function of the index musculature. He found that the 
first dorsal interosseus muscle was the most consistently active when the 
ruler was carried with the three joints of the index finger flexed, but the 
flexor digitorum superficialis and extensor digitorum muscles appeared 
to play an important role in the maintenance of the grip when the ruler 
was carried with the interphalangeal joints of the index finger 
straightened. 
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Of the five subjects Brandell tested, one had practiced the procedure 
over a period of several weeks before the combined records were made, 
while the performance of the remaining four was entirely unrehearsed. 
The methods used by the trained and untrained subjects to grasp and 
release the ruler involved contrasting uses of the index finger and its 
musculature. The straight, or straightening, index finger, which was 
correlated with flexor digitorum superficialis activity, performed an 
unexpectedly important role in the basic phases of ruler manipulation. 


FOREARM-HAND SYNERGIES 


In a comprehensive multichannel study with fine wire electrodes, Sano 
et al (1977) of Tokyo revealed the integrated role of forearm and finger 
muscles during movements of fingers in different postures. Some fore- 
arm muscles participate as synergists early in voluntary finger motions, 
others only late in the movement. During movements of the index finger 
with various forearm positions the supinator muscle appeared to take 
part in stabilization of the proximal radioulnar joint and the pronator 
quadratus in that of the distal radioulnar joint (especially when the 
forearm is pronated). 

Sano et al found anconeus muscle active in all movements of the index, 
apparently for stablization of the humeroulnar joint. Flexor carpi radialis, 
known to be a synergist during finger extension, also is active during 
extension. Both in wrist extension and in index finger movements, 
extensor carpi radialis brevis is more active than the longus. These 
muscles are apparently as active as the extensor digitorum itself, accord- 
ing to Sano et al. They emphasized the complex activity of all the 
forearm synergists during unrehearsed normal movements of the digits. 


Deformities of Fingers 

In the rheumatoid hand with its developing deformities, Backhouse 
(1968) and Swezey and Fiegenberg (1971) showed how electromyogra- 
phy of intrinsic hand muscles reveals the role of inappropriate muscle 
actions. 

Thenar and Hypothenar Muscles 

The EMG of the thenar and hypothenar muscles was slow in coming 
because of the close packing of these small muscles. The French pioneers 
Tournay and Fessard (1948), as well as Weathersby (1957), made useful 
but brief preliminary reports; this was followed by a longer report by 
Weathersby et al. Otherwise, no substantial work appeared until Forrest 
and Basmajian (1965) published a systematic study with wire electrodes; 
this study will be heavily drawn upon in the subsequent paragraphs. 

The report of Tournay and Fessard was concerned with general 
phenomena rather than with particular actions of the thumb muscles. 
Weathersby found with surface and needle electrodes that each of the 


. 
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thenar muscles was involved to some extent in most of the movements 
of the thumb. The abductor pollicis brevis contracts strongly during 
opposition and flexion of the thumb, as well as in abduction. The 
oppenens shows strong activity in abduction and flexion of the metacar- 
pal, as it does in opposition. The flexor pollicis brevis shows considerable 
activity in opposition as well as flexion, and in adduction. The adductor 
pollicis (which is, of course, not properly a thenar muscle) is active in 
adduction and opposition and, to a slight extent, in flexion of the thumb. 

It is interesting to note that Sala (1959) of Pavia, Italy, used EMG 
combined with nerve stimulation to determine the innervation of the 
muscles of the thenar eminence. He found that one of every four flexor 
brevis muscles was exclusively supplied by the ulnar nerve, while in 
almost all the remainder both ulnar and median nerves shared in the 
supply. These findings are quite contrary to classical teaching. Opponens 
pollicis was supplied exclusively by the median nerve in two-thirds of 
cases only, most of the remaining one-third having a double supply. He 
reported frequent bilateral asymmetry; this is disturbing, to say the least, 
when one considers the practical difficulties introduced into clinical 
examinations. 

The fundamental study of the thenar and hypothenar muscles (Forrest 
and Basmajian, 1965) included 25 young adult subjects. A preliminary 
detailed study in the dissecting room provided a thorough knowledge of 
the anatomy, relationship, and landmarks of the muscles concerned and 
provided an opportunity to practice and perfect the placement of elec- 
trodes. Their location in the middle of a muscle belly gives the truest 
picture of the general activity of that muscle. In the case of the flexor 
pollicis brevis, the electrode was inserted into superficial fibers corre- 
sponding to the portion of the muscle described by Jones (1942) as the 
superficial or external head; this arises from the flexor retinaculum and 
trapezium, passes along the radial side of the tendon of the flexor pollicis 
longus, and inserts into the radial sesamoid bone of the metacarpopha- 
langeal joint and the base of the first phalanx of the thumb. In a later 
study, Forrest and Khan (1968) showed clear differences between this 
superficial head and the deep head insofar as specific fine movements 
are concerned. 

All movements began with the subject’s hand in the rest position, in 
which, of course, there were no action potentials. The subject then 
moved the hand into a series of prescribed positions. Movement was 
performed slowly; each position was held for several seconds; and then 
the hand was returned slowly to the rest position. Positions of opposition 
were held either softly (with thumb and finger just touching) or firmly 
(with just enough pressure to resist the withdrawal of a sheet of paper 
from between the thumb and finger). Objects (a cup, glass, or dowel) 
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were held firmly, that is, securely, but with much less than maximum 
strength and effort. Although recordings were made during the entire 
movement, only those from the active positions are considered here, viz: 


1. Of the thumb: 

A. Extension (movement away from the radial side of the palm and 
index finger in the plane of the palm). 

B. Abduction (movement away from the radial side of the palm and 
index finger in a plane 90° to that of the palm). 

C. Flexion (flexion of the interphalangeal, metacarpophalangeal, and 
carpometacarpal joints of the thumb in a plane parallel to that of the 
palm so as to scrape the ulnar side of the thumb lightly across the palm). 
2. Of the little finger: 

A. Extension (full extension of all the joints of the little finger). 

B. Abduction (movement away from the ringer finger in the plane of 
the palm). 

C. Flexion (90° flexion of the little finger at the metacarpophalangeal 
joint with both interphalangeal joints almost fully extended). 

3. Eight positions of opposition in which the thumb was held softly opposed 


SoEt 


Figure 13.4. (a) Opposition of the thumb to the side of the index finger (position 
one). (b) Electromyographic recordings during soft and firm opposition, respec- 
tively. (From W.J. Forrest and J.V. Basmajian, © 1965, Journal of Bone and Joint 
Surgery.) 
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Soft 


Figure 13.5. (a) Opposition of the thumb to the little finger, tip-to-tip (position 
8. (b) Electromyographic recordings during soft and firm opposition, respectively. 
(From W.J. Forrest and J.V. Basmajian, © 1965, Journal of Bone and Joint Surgery.) 


to each finger in two ways—with the pad of the thumb to the lateral side 
of the bent finger near its tip, and with the thumb and finger tip-to-tip, 
roughly forming the shape of the letter O (this series began with position 
1, opposition to the side of the index finger—as in Figure 13.4a—and 
position 2, opposition to the tip of the same finger, and the proceeded 
in a similar fashion to the long, ring, and little fingers, ending with 
position eight, tip-to-tip opposition to the little finger—as in Figure 
13.5a. 

4. The same eight positions with firm opposition. 

5. Clasping firmly a wooden dowel 1 inch (2.5 cm) in diameter. 

6. Holding, in turn, 2 inches (5 cm) above the table, first a glass of water 
and then a cup of water by the handle while the subjects sat with elbow 
unsupported and flexed to 90°. 


POSTURES OF THUMB 

During extension, only the opponens pollicis and abductor pollicis 
brevis showed appreciable activity, which was moderate on the average. 
During abduction, the same two muscles showed marked activity on the 
average whereas the activity of the flexor pollicis brevis was slight. During 
flexion, the mean activity of the flexor pollicis brevis was moderate to 
marked, but the opponens pollicis was only slightly active, and the 
abductor pollicis brevis was essentially inactive. 

The occurrence of equal levels of activity in both the abductor pollicis 
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brevis and the opponens pollicis during extension and abduction of the 
thumb cannot be rationalized on the basis of their insertions. These are 
such that these muscles would be expected to move the thumb in opposite 
directions, especially during extension and, to a lesser extent, during 
abduction. Weathersby et al (1963) suggested that stabilization of the 
part in order to produce a smooth even motion was a possible explanation 
for the significant activities of muscles in situations such as this. This 
would seem to be a valid explanation. 

Not all thenar muscles were active during extension and flexion of the 
thumb. Only three subjects showed more than slight activity in the flexor 
pollicis brevis during extension, the mean activity being nil-to-negligible. 
During flexion, the abductor pollicis brevis exhibited negligible activity; 
the opponens pollicis, slight activity on the average; and the flexor pollicis 
brevis, moderate-to-marked activity. Indeed, in the position of flexion, 
10 of the 25 subjects had nil or negligible activity in both the opponens 
and abductor while the flexor was significantly active. 

In one other position there was coincident activity and inactivity in the 
thenar muscles. During firm pinch between the thumb and side of the 
flexed index finger (position 1), only negligible activity was recorded 
from the abductor pollicis brevis. Yet the opponens pollicis and, in 
particular, the flexor pollicis brevis were significantly active. 


POSTURES OF LITTLE FINGER 


During extension of the little finger, all three hypothenar muscles 
were rather inactive on the average, but in many subjects the activity in 
one or more of the three muscles was negligible or nil. During abduction, 
although the abductor digiti minimi fulfilled the function indicated by 
its name and was the dominant muscle (with a mean of moderate-to- 
marked activity), the two other hypothenar muscles were also signifi- 
cantly active. During flexion, moderate-to-marked activity occurred in 
all three hypothenar muscles. 

The abductor digiti minimi was very active during flexion of the little 
finger at the metacarpophalangeal joint. (The participation of this muscle 
in this position of the finger is obvious also by palpation). Part of the 
explanation for this activity depends on the muscle’s insertion into the 
ulnar side of the base of the proximal phalanx. The abductor digiti 
minimi was also significantly active when the thumb was held opposed to 
either the ring or little finger. Some of this activity is possibly associated 
with the small degree of flexion at the fifth metacarpophalangeal joint 
that is required when the thumb and little finger are opposed. Yet, such 
flexion is obviously not required during opposition of the thumb and 
ring finger. Some of the activity of the abductor digiti minimi, then, may 
be to provide stability, and simple abduction of the little finger may be 
the least important function of the abductor of this finger. 
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POSITIONS OF OPPOSITION 


During soft opposition of the thumb to the side and tip of each finger 
(positions 1 through 8), gradual increases in activity were recorded from 
all six muscles, starting at position 1 in the case of the thenar muscles 
and beginning at position 5 in the case of the hypothenar muscles (Figs. 
13.5b and 13.6). The opponens was the most active of the thenar muscles; 
the flexor was the least active (Fig. 13.4b). The opponens digiti minimi 
was the most active hypothenar muscle. All the thenar muscles were 
more active than the hypothenar muscles. 

When opposition was firm (Fig. 13.7) the flexor pollicis brevis replaced 
the opponens pollicis as the dominant muscle, particularly in positions 1 
to 4 (index and long fingers) (Fig. 13.4). In positions 5 to 8, the activity 
of the opponens pollicis approached and then equalled that of the flexor 
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POSITIONS OF OPPOSITION 


Figure 13.6. Mean electromyographic activities during soft opposition of the 
thumb to side and tip of each finger, beginning with the side of the index finger 
(position 1) and ending with the tip of the little finger (position 8). (From W.). 
Forrest and J.V. Basmajian, © 1965, Journal of Bone and Joint Surgery.) 
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POSITIONS OF OPPOSITION 


Figure 13.7. Mean electromyographic activities during firm opposition of the 
thumb to the side and tip of each finger, beginning with the side of the index 
finger (position 1) and ending with the tip of the little finger (position 8). (From 
W.]. Forrest and J.V. Basmajian, © 1965, Journal of Bone and Joint Surgery.) 


pollicis brevis. The abductor pollicis brevis was the least active of the 
thenar muscles (Fig. 13.50). 
The steady increase in thenar muscle activity from positions 1 through 
8 seen during soft opposition was not observed during firm opposition. 
Instead, higher levels of activity were usually recorded during firm 
opposition of the thumb to the side of the finger, as compared with the 
activity during tip-to-tip opposition with the same finger. 
The hypothenar muscles showed a steady increase in activity during 
firm opposition, beginning at position 4 of the thumb. The opponens 
digiti minimi was again the most active muscle, and its mean actvity was | 
even slightly greater than that of the abductor pollicis brevis in position | 
8 (Fig. 13.5). | 
When the thumb was opposed firmly to the index and long fingers, | 
the flexor pollicis brevis replaced the opponens pollicis as the most active | 
of the six muscles (Fig. 13.4). The opponens, however, approached and 
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then equalled the flexor in its activity during firm opposition to the ring 
and little fingers (positons 5 to 8). Firm pinch between the thumb and 
the index and long fingers is a grip position of day-to-day importance. 

Little (1960) attributes to the flexor pollicis brevis and to the mechan- 
ically advantageous position of the adductor pollicis the great power of 
the thumb, which enables this digit to balance the combined power of 
the fingers. Ignoring the contribution of nonthenar muscles such as the 
adductor (which is expanded on below) our findings emphasize the 
importance of the short flexor in thumb power. Weathersby et al (1963) 
also noted an increase in flexor activity as the subject pressed lightly with 
the thumb and index finger in a position corresponding to our position 
Z. 

One may observe that the greater the medial rotation of the first 
metacarpal, the greater is the tendency of the head of the fifth metacarpal 
to be drawn in an anterolateral (volar-radial) direction. The opponens 
digiti minimi is mainly responsible for this movement of the fifth meta- 
carpal, and its action is almost reflexive in nature. The more active the 
opponens pollicis is in medially rotating the first metacarpal, the more 


Figure 13.8. (a) Holding a glass of water. (b) Electromyographic recording. 
(From W.J. Forrest and J.V. Basmajian, © 1965, Journal of Bone and Joint Surgery.) 
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active the opponens digiti minimi becomes. But the opponens pollicis is 
always the more active muscle. It is possible that beyond a certain degree 
of medial rotation of the first metacarpal, the two opponens muscles 
begin to act in unison to form the transverse metacarpal arch mentioned 
by Littler (1960) and by others. Indeed, this might be expected when 
one views the two opponens muscles, with the flexor retinaculum be- 
tween, linking up the first and fifth metacarpal bones. 


POSITIONS OF GRIP 


The important role of the flexor pollicis brevis in firm grasp is 
illustrated in the positions of firmly clasping a dowel and of holding a 
cup of water (Fig. 13.8). Although the flexor pollicis brevis was the most 
active muscle while the dowel was grasped firmly, this was not the case 
when the glass of water was also held firmly. Both the opponens pollicis 
and the abductor pollicis brevis were then more active (Fig. 13.8). This 
finding, and other preliminary work tht we have done has led to a 
tentative conclusion that the more the thumb is abducted (as in holding 
the glass), the less the flexor brevis contributes to a firm grip. The activity 
of this muscle, which provides firmness of grip when only a small degree 


Figure 13.9. (a) Holding a cup of water. (b) Electromyographic recording. (From 
W.J. Forrest and J.V. Basmajian, © 1965, Journal of Bone and Joint Surgery.) 
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Figure 13.10. Holding a glass and cup of water: mean EMG activities compared. 
(From W.]. Forrest and J.V. Basmajian, © 1965, Journal of Bone and Joint Surgery.) 


of abduction exists (as in holding the cup), is replaced by that of the 
opponens when a large amount of abduction is present (Figs. 13.9 and 
13.10). In the absence of significant flexor activity, this activity of the 
opponens, coupled with that of the abductor, provides the power of a 
firm grip. 

In summary, not all thenar muscles are active in all thumb positions, 
but all hypothenar muscles are active in three basic postures of the little 
finger. Two somewhat different patterns of activity occur when the 
thumb is first softly and then firmly opposed to each of the fingers in a 
sequence that begins at the index and ends at the little finger. The flexor 
pollicis brevis is dominant in firm grip, particularly in grip between the 
thumb and two radial fingers, but a large degree of abduction of the 
thumb might possibly be a limiting factor in the activity of this muscle. 
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The two opponens muscles seem to act as a unit in opposition of the 
thumb to both the ring and little fingers. Certain activity in some of the 
six muscles and inexplicable on a morphological basis probably serves to 
provide stability. 


Flexor Pollicis Brevis vs. Adductor Pollicis 


Forrest and Khan (1968) and Khan (1969) of Queen’s University 
performed many elegant experiments to carefully discriminate between 
the various fine functions of the superficial and deep heads of the flexor 
pollicis brevis and of the transverse and oblique heads of the adductor 
pollicis. These “four” muscles radiate from their packed insertions like a 
fan. Then Johnson and Forrest (1970) elaborated the interplay of func- 
tions among the abductors and flexors of the thumb, including both 
intrinsic and extrinsic muscles. 

Patterns of activity emerged for each part of the flexor brevis and 
adductor—which is not a thenar muscle (Forrest and Khan, 1968). As 
might be expected there were marked differences between the role of 
the transverse head of the adductor and the superficial head of the flexor 
during most functions. Most of the time, but not always, the two heads 
of each muscle act in concert. Surprising to those who hold that the deep 
head of the flexor belongs either with or to the oblique adductor was 
the finding that they often acted apart; this justifies the view that they 
are clearly different muscles belonging to flexion or to adduction, 
respectively. Forrest and Khan showed that in very fine functions each 
part of the two muscles is a functional entity with precise influence on 
the stabilization of the thumb. 

Khan’s (1969) detailed findings include the following. 

The deep flexor is more flexor than adductor in its direction of fibers 
and observed activity, making its present name appropriate. Similarly, 
the oblique adductor is more adductor than flexor in its direction of 
fibers and observed activity; its present name is also appropriate. 

Adductors are more active than flexors during combined adduction- 
lateral axial rotation of the thumb. Conversely, flexors are more active 
than adductors during combined abduction-flexion-medial axial rotation 
of the thumb. 

The introduction of moderate resistance to a series of positions of 
simple pinch between the thumb and first two fingers resulted in no 
appreciable increase of activity in all muscles except the superficial flexor. 
This may be evidence, although inconclusive in this study, that the prime 
function of some of the intrinsic muscles of the thumb is to move and 
position it, not to provide it with strength. 

Flexors are quite active during opposition of the thumb to the little 
finger and medial side of the hand, but significant adductor activity in 
this situation does not occur unless pressure is exerted by the thumb. 
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A small decrease in the activity of each of the four muscles apparently 
occurs as the thumb exerts moderately firm pressure against a series of 
objects requiring gradually increasing abduction of the thumb. A future 
study should deal with the role of the thumb and its muscles during grips 
of the hand. 


Intrinsics vs. Extrinsics 

Johnson and Forrest (1970) studied the intrinsic-extrinsic muscle in- 
terplay of paired muscles in a series of 20 subjects. A comparison of 
the first pair, the abductor pollicis brevis and longus, revealed that the 
brevis was usually more active than the longus; this was true in simple 
abduction of the thumb and in movements of the thumb having abduc- 
tion as one component, with or without a load applied. In thumb 
extension, however, the longus was more active than the brevis when no 
load was applied; with a load, activities were equal. In comparing the 
second pair, the flexor pollicis brevis (superficial head) and longus, the 
brevis was usually more active than the longus in various postures of the 
hand requiring flexion-medial rotation of the thumb. In full flexion of 
the thumb (where medial rotation is minimal), the longus exhibited 
greater activity than the brevis. An interesting finding with respect to 
the two flexors was that they flexed the metacarpophalangeal joint of 
the thumb either independently or together, depending upon the posi- 
tion of the interphalangeal joint or the load applied. 

The detailed findings reported by Johnson (1970) in his thesis include 
the following most significant points. 


FLEXOR POLLICIS LONGUS VS. BREVIS 


(1) The position of the distal phalanx in movements of the thumb 
apparently determines, to some extent, the interrelationships of these 
two muscles with respect to their action on the metacarpophalangeal 
joint of the thumb. As the interphalangeal joint is increasingly flexed, 
the flexor pollicis longus becomes the prime mover of the metacarpo- 
phalangeal joint. This is particularly evident when the thumb is flexed, 
and when its tip is placed near the bases of the two radial fingers. When 
the thumb is positioned near the distal ends of fingers, the short flexor 
appears to act as the prime mover of the proximal phalanx at the 
metacarpophalangeal joint. 

(2) Most daily activities involving the thumb require that it be posi- 
tioned near the tips of the fingers. The relatively high levels of activity 
seen in the short flexor as the thumb assumes these positions (no load 
applied) indicates that its primary role may be to position the thumb 
with the assistance of other thenar muscles and adductor pollicis. 
Throughout these movements, the long flexor remains relatively quiet 
and is probably involved only minimally in these positioning activities. 
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(3) The long flexor appears to provide much of the force necessary in 
overcoming moderate loads applied to the thumb while its tip is posi- 
tioned near the tips of fingers. This is true regardless of the position of 
the distal phalanx. With a load applied to the thumb during movements 
such as opposition to the tips of fingers, activity in the long flexor 
increases sharply—more so than in the short flexor. This conclusion is 
further reinforced by a morphological characteristic of this muscle. Some 
of its tendinous fibers insert onto the midportion (palmar surface) of the 
distal phalanx. As the distal phalanx is flexed, this factor apparently 
brings about an increase in the muscle’s line of application of force to 
the center of rotation of the joint. 


ABDUCTOR POLLICIS LONGUS VS. BREVIS 


The brevis is more active than the longus in all movements of abduc- 
tion or movements with abduction as a component without or with a 
load applied. This includes those postures of the thumb described as 
opposition and lateral pinch. 


FLEXOR POLLICIS LONGUS VS. EXTENSOR LONGUS 


During adductory movements of the thumb, the intrinsic muscles seem 
to require the assistance of the flexor pollicis longus and the extensor 
pollicis longus when a load is applied. In the process of balancing the 
other muscle’s tendency to flex or extend the thumb, the resultant action 
of the two muscles is to adduct the thumb. 


Functions of Individual Muscles 


According to Johnson (1970) the following clear functions are appar- 
ent. 


ABDUCTOR POLLICIS LONGUS 


In addition to its role as a primary mover in abduction of the carpo- 
metacarpal joint of the thumb, this muscle appears also to bring about 
some flexion of the joint. This conclusion was previously based on non- 
electromyographic evidence only, and is now supported by his study. 


EXTENSOR POLLICIS LONGUS AND EXTENSOR POLLICIS BREVIS 


These muscles are the prime movers in extension of the thumb. 
Perhaps their most valuable contributions to the function of the thumb 
lies in their ability to assist the abductor muscles in repositioning the 
thumb from positions of opposition or, by continued action, to spread 
the thumb out widely in order that the hand may grasp large objects. 
These muscles evidently act also to stabilize the interphalangeal and 
metacarpophalangeal joints of the thumb during some movements of 
opposition, perhaps enabling the thumb to perform fine, smooth, and 
precise movements. 
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ABDUCTOR POLLICIS BREVIS 

Johnson’s (1970) conclusions confirm findings made by previous au- 
thors using EMG in their investigations. (1) The abductor pollicis brevis, 
through its insertion into the extensor expansion of the thumb, assisted 
the extensor pollicis longus in extending the distal phalanx—particularly 
when Johnson applied a load. (2) Through its insertion into the proximal 
phalanx, it assists the flexor pollicis brevis and opponens pollicis in 
flexion-medial rotation of the thumb. 


Conclusion 

This section on the muscles of the hand must be ended by admitting 
the need for much systematic work on this most important functional 
region. Finally, a careful review of Duchenne’s classical experiments is 
time well spent for those who wish to enlarge further upon the now 
available EMG findings reported above. There they will discover that 
much of our current understanding of the interossei and long muscles 
of the fingers actually springs from ancient times. Indeed, they will learn 
that it was Galen, in the second century A.D., who first described the 
actions of the lumbricals and interossei. 


CHAPTER 14 
Lower Limb 


Because of its importance in posture and locomotion and because of 
its accessibility and large size, the lower limb has been the subject of 
electromyography from the earliest days of this science. The quality of 
the research done in this region of the body has been spotty, and many 
unwarranted conclusions have been made and—quite fortunately—have 
been ignored by textbook writers. Part of the trouble stems from poor 
technique that in turn arises from inexperience. Novices seem to be 
especially prone to doing their earliest studies on the lower limb. Fur- 
thermore, some of them seem to have become completely overcome by 
their initial effort and seem to have stopped publishing completely. One 
can only hope that this was occasioned by remorse. 

The muscles of the limb will be discussed from above downwards. 
Reference has already been made to the postural functions of these 
muscles in Chapter 11. Therefore, some repetition is unavoidable and, 
indeed, desirable. Locomotion is treated as a special chapter (p 367) but 
will be referred to wherever necessary in this chapter also. 


HIP REGION 


The muscles of this region which have been studied by various inves- 
tigators and which will now be considered are: iliopsoas, the gluteal 
muscles and tensor fasciae latae. Other muscles that cross the hip joint 
(adductors, hamstrings, rectus femoris, and sartorius and gracilis) will be 
considered with the muscles of the thigh (p 319). 


Iliopsoas 

Orthopedic surgery of the hip joint focussed attention on the muscles 
of the region. Interest in the functions of iliopsoas in particular was first 
renewed by the novel surgical procedure introduced by Mustard of 
Toronto (1952) and modified by Sharrard (1964) in which the insertion 
of iliopsoas is transplanted to the greater trochanter to substitute for 
paralyzed abductor muscles. Surgeons found that the resulting restora- 
tion of stability to the pelvis greatly outweighs the reduction of flexor 
power. The muscle remains alive in most cases (Broome and Basmajian, 
1971b), and the remaining flexor muscles are quite capable of providing | 
any needed flexion for ordinary functions (Mustard, 1958). 

When one begins to search the usual source books for precise infor- 
mation about the actions and functions of iliopsoas, the only point that 
is agreed upon by all is that the muscle is obviously a flexor of the hip 
and probably has some influence on the lumbar vertebrae. There is a 
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confusing disagreement about the other influences produced by the 
muscle. Last (1954) ascribed medial rotation of the hip mainly to the 
“powerful pull of ilio-psoas.” The American Gray’s Anatomy edited by 
Goss (1959) stated that it rotates the hip medially while the British Gray’s 
edited by Johnston and Whillis (1954) was more cautious with “it pro- 
duces a slight degree of medial rotation... .” Lockhart (1951), in 
Cunningham's Textbook, agreed with this. Woodburne (1957) agreed with 
Steendijk (1948) that iliopsoas rotates medially when the limb is extended 
and laterally when it is flexed. To complete the spectrum of opinion, at 
least a dozen major reference works (see Steendijk, 1948) stated that 
iliopsoas is a lateral rotator. 

In this running controversy that is now more than a century old, 
almost everyone lost sight of the principle that a muscle so close to a 
joint must have an important postural or stabilizing function. 

“There also was some disagreement in the EMG information of this 
muscle, partly resulting from different techniques. Using surface elec- 
trodes over this deep and almost inaccessible muscle, Joseph and Williams 
(1957) concluded erroneously that iliopsoas is inactive in standing sub- 
jects. This was confirmed with wire electrodes for iliacus by LaBan et al 
(1966), although an investigation of iliacus with long needle electrodes 
(Basmajian, 1958b) indicated a continuous slight to moderate activity 
during relaxed standing in four persons (Fig. 14.1A). Using bipolar wire 
electrodes, Basmajian and Greenlaw (1968) found that the psoas major 
also shows some slight to moderate activity during relaxed standing in 
many normal young adults. The bipolar, fine-wire electrodes (p 29) were 
introduced from behind directly into the psoas in the midlumbar 
region. Similar findings have been made by Keagy et al (1966) of 
Northwestern University in five subjects and in several normal subjects 
by Close (1964). Although there seems to be a wide division of opinion 
here, the truth may be that there is very little real difference. What 
disagreement there is probably arises from-differences both in technique 
and in the stance of subjects. In any case, the activity is not very marked. 


ILIACUS 


As one would expect, action potentials are recorded during flexion of 
the hip in almost any posture of the whole subject and in almost the 
whole range. The amount of activity varies directly with the effort or 
resistance. We find marked activity in iliacus throughout flexion of the 
hip during “sit-up in the supine position” (Greenlaw and Basmajian, 
1968, unpublished). However, LaBan et al found there was little or no 
activity in jliacus during the first 30° of hip flexion. But, during “sit-up” 
from the “Hook-lying” position, considerable activity occurred during the 
entire movement. Flint (1965) reported considerable variation in the 
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styles of doing sit-ups but generally got little activity through surface 
electrodes in the first 45° of flexion. 

Sometimes the iliacus muscles show intermittent short bursts of marked 
activity at irregular, short intervals during quiet standing; these appar- 
ently occur with invisible changes of position of either the limb or the 
trunk (Fig. 14.1B). 

When subjects lie down or sit at ease, and during extension and 
adduction of the joint, there is no activity (Fig. 14.1C). Both medial and 
lateral rotation of the hip joint may produce some slight activity, whether 
the joint is passively or actively held in any of the extended, semiflexed, 
or flexed positions (Fig. 14.2), but usually there is clearly more on lateral 
rotation. LaBan et al confirm these findings in general. 


PSOAS MAJOR 


The direct recordings from psoas are strikingly similar to those from 
iliacus. Thus there was a slight activity during relaxed standing, strong 
activity during flexion in all of many trial postures, slight-to-moderate 
activity in abduction and in lateral rotation (depending on the degree of 
accompanying flexion), none during most medial rotations, and little 
during most other conditions involving the thigh. Tonnis (1966a and b) 
agrees with these rotation findings but, although he got similar results 
from abduction, he discounts his results, feeling the iliopsoas “cannot” 
be an abductor but rather must be an “antagonist to the glutei”—a 
tortuous and unnecessary conclusion. The only lumbar movement which 
consistently recruits psoas is a deliberate increase in lumbar lordosis while 
standing erect. (The details of this study by Greenlaw and Basmajian 
unfortunately remain unpublished.) Robert Close (1964) emphasized the 
abductor function of iliopsoas, which he found to be quite active during 
extreme abduction. 

Nachemson’s (1966) study of the vertebral part of psoas with coaxial 
needle electrodes dealt with vertebral effects. He concluded that psoas 
has a significant role in maintaining upright postures. 

Iliopsoas—both its parts—appears to be an active postural or stabiliz- 
ing muscle of the hip joint as well as a flexor (Fig. 14.3). The controversy 
as to whether it is a medial or a lateral rotator should be abandoned 
because, in fact, it is only a weak lateral rotator. Indeed, reviewing the 
work of Duchenne, one would find that he did not disagree with this 
conclusion, although his view has often been misrepresented. 

A number of clinical studies have appeared which reflect on normal 
functioning and may be of special interest to some readers (Sutherland 
et al, 1969; Baumann, 1969, 1971, 1972; Baumann and Behr, 1969; 
Stotz and Heimstadt, 1970). 

The Glutei and Tensor Fasciae Latae 

The gluteus maximus has usually been considered separately, even 

where many muscles have been studied simultaneously, while the gluteus 
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Figure 14.3. Diagram of postural function of iliopsoas. It is slight-to-moderately 
active continuously during standing. 


medius and gluteus minimus have usually been considered together 
because of their close association. Tensor fasciae latae is, of course, 
closely associated with the glutei. 


GLUTEUS MAXIMUS 

Wheatley and Jahnke (1951), Karlsson and Jonsson (1965), and Green- 
law and Basmajian concluded that the gluteus maximus was active only 
when heavy or moderate efforts were made in the movements classically 
ascribed to this muscle (Greenlaw, 1973). It was active during extension 
of the thigh at the hip joint, lateral rotation, abduction against heavy 
resistance with the thigh flexed to 90°, and adduction against resistance 
that holds the thigh abducted. Lateral rotation (but not the opposite) 
also produced activity in gluteus maximus. While the whole muscle is 
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engaged in extension and lateral rotation, only its upper part is abducent. 
As an abductor, gluteus maximus is a reserve source of power. Furlani 
et al (1974) are in general agreement with these findings. 

The studies of Joseph and Williams (1957) show that the gluteus 
maximus is not an important postural muscle, even during forward 
swaying. In bending forwards it exhibited moderate activity. When 
straightening up from the toe-touching position it showed considerable 
activity throughout the movement. Tests of this muscle with wire elec- 
trodes tend to confirm all the above findings which were made with 
surface electrodes (Greenlaw and Basmajian, in Greenlaw, 1973). They 
also confirm the report of Inman (1947) that the gluteus maximus is not 
a postural abductor muscle when the subject is standing on one foot (as 
are the medius and minimus). However, Karlsson and Jonsson found 
that when the center of gravity of the whole body is grossly shifted, 
activity of gluteus maximus occurs. In positions where one leg sustains 
most of the weight, the ipsilateral muscle is active in its upper or 
“abducent” part; apparently this is to prevent a drooping of the opposite 
side. They also found that, during standing, rotation of the trunk 
activates the muscle that is contralateral to the direction of rotation (i.e., 
corresponding to lateral rotation of the thigh). Forward bending at the 
hip joint and trunk recruits gluteus maximus, apparently to fix the pelvis. 
One of the chief values of the work of Karlsson and Jonsson is their 
showing the range of responses from their subjects—who showed consid- 
erable normal variation. 

Duchenne’s observation that complete paralysis of gluteus maximus in 
no way disturbs relaxed walking has often been noted, but we should 
emphasize that this does not mean that normal walking does not recruit 
activity in the muscle. In fact, with fine wire electrodes in the upper, 
middle and lower parts of gluteus maximus in a long series of subjects 
Greenlaw and Basmajian found two considerable bursts in specific sec- 
tions of the walking cycle (Greenlaw, 1973). This is enlarged upon under 
the section on gait on p 374. Finally, Houtz and Fischer (1959) have 
found it to be unimportant in bicycle pedaling. 


Hominid Evolution 

Our extensive EMG study of apes, led to the conclusion that no major 
factual impediment exists in its functions to theorizing that the human 
gluteus maximus evolved from an ape-like condition (Tuttle et al, 1975). 
In the gorilla, the upper and middle parts act prominently as a hip 
extensor and lateral rotator. The lower part of the muscle is active as a 
hip extensor. 


GLUTEUS MEDIUS AND MINIMUS 


Though Inman’s demonstration (1947) of marked EMG activity in the 
abductors when the subject stands on one foot is hardly surprising, the 
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reader is referred to his valuable 1949 paper in which he described 
various other factors as well (Fig. 14.4). Similarly, the finding of Joseph 
and Williams (1957) that gluteus medius and minimus are quiescent 
during relaxed standing is to be expected. Detailed studies with wire 
electrodes (Greenlaw and Basmajian, in Greenlaw, 1973) have also 
confirmed the usual teaching about these abductors—emphasizing their 
importance in preventing the Trendelenburg sign, during abduction of 
the thigh and in medial rotation (anterior fibers). This last action is the 
only controversial one and seems now to be confirmed by the locomotion 
studies with wire electrodes by Greenlaw and Basmajian (see p 379); 
these show triphasic activity for gluteus medius and biphasic activity for 
gluteus minimus during each cycle of walking (Greenlaw, 1973). Houtz 
and Fischer (1959), from their EMG studies, concluded that the activity 
in all the glutei was minimal in bicycle pedaling (Fig. 14.5). 

During elevation (flexion) of the thigh in the erect posture, Goto et al 
(1974) found that the anterior part of the gluteus medius was also active 
in the initial stage only. With resistance it increased. 
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Figure 14.4. A typical force curve, relating torque to action potentials of abduc- 
tor muscles of the hip. (From V.T. Inman, ©1947, Journal of Bone and Joint 
Surgery.) 
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Figure 14.5. Diagrammatic summary of EMG activity in lower limb during one 
cycle of bicycling. Greatest activity is indicated by shaded areas, but where cycle 
is completed with a single line, it means that slight activity continues. Gr., gracilis; 
S. & T. F. F., sartorius and tensor fasciae latae (femoris); Qu., quadriceps; T.A., 
tibialis anterior; G/., gluteus maximus and medius; Ga., gastrocnemius; Ha., 
hamstrings. (From S.J. Houtz and F.J. Fischer, ©1959, Journal of Bone and Joint 
Surgery.) 


TENSOR FASCIAE LATAE 


Wheatley and Jahnke (1951), Carlsoo and Fohlin (1969), Goto et al 
(1974), and Carvalho et al (1972) found action potentials in this muscle 
during flexion, medial rotation, and abduction of the hip joint. It was a 
medial hip rotator in all positions. Duchenne clearly stated that the 
power of tensor fasciae latae as a rotator (in response.to faradic stimula- 
tion is weak, and this appears to be correct. Carlsoo and Fohlin discount 
the rotary influence of tensor fasciae latae at the knee, finding no activity. 
During walking, Greenlaw and Basmajian found the muscle active bi- 
phasically during each cycle (see p 380). Unlike the glutei, tensor fasciae 
latae are active during bicycling, showing their greatest activity as the 
hip is being flexed (Houtz and Fischer, 1959). 
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THIGH MUSCLES 


The groups and single muscles to be considered now are the adductors 
(longus, brevis, magnus, gracilis, and pectineus), the hamstrings (semi- 
membranosus, semitendinosus, and biceps femoris), sartorius, rectus 
femoris, the vasti (medialis, lateralis, and intermedius), and the popliteus. 
Some of these cross the hip joint only (adductors); others cross both hip 
and knee (hamstrings, rectus, gracilis, and sartorius); and still others 
cross the knee only (vasti and popliteus). 


Adductors of the Hip Joint 


In the first edition of this book, it was necessary to admit that “a 
surprising hiatus appears in our knowledge of the adductors. Forming 
an enormous mass on the medial side of the upper thigh, they must have 
considerable importance. In spite of this, their exact function is usually 
a matter of guesswork.” 

Since these words were written, in addition to the extensive studies of 
Greenlaw and Basmajian (1968, unpublished except in Greenlaw’s 1973 
thesis), Janda and Véle (1963) and Janda and Stara (1965) have helped 
to correct the situation. They studied the role of the adductors in children 
and adults during flexion and extension of both the hip and the knee, 
with and without resistance. (Care was taken to avoid rotation.) 

In almost every child the adductors were activated during flexion or 
extension of the knee, and they were very active against resistance. Most 
adults showed activity during flexion of the knee, but only a minority 
were active during extension. With resistance, almost all adult subjects 
showed great activity. 

During movements of the hip the role of the adductors was localized 
to their upper parts. During flexion against resistance, all the children 
and half the adults showed activity. During resisted extension, all were 
active. 

Janda and Stara suggest that this labile response of the adductors is 
related to a postural response. They believe that these muscles are 
facilitated through reflexes of the gait pattern rather than being called 
upon as prime movers. With this view one can readily agree. Spruit’s 
(1965) theoretical analysis of the adductors adds conviction to the opin- 
ion. 

De Sousa and Vitti (1966) studied the adductores longus and magnus 
(upper and lower parts) during movements of the hip joint. During free 
adduction the longus is always active while magnus is almost always silent 
unless resistance is offered. Both muscles are active during medial 
rotation but not during lateral rotation of the hip, settling a classic 
argument that usually leaned in the other direction. The upper fibers of 
the adductor magnus showed the greatest activity. 

During flexion of the thigh, de Sousa and Vitti found the main activity 
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occurring in the adductor longus while the magnus is often completely 
silent. The results of Goto et al (1974) tend to agree. While standing in 
a relaxed natural posture, both muscles are inactive. However, weak 
activity sometimes appears when standing on one foot. Okamoto et al 
(1966) found similar results. 

Using fine-wire electrodes, Greenlaw and Basmajian examined a long 
series of normal adult subjects during both free test movements and 
various postures and locomotions. Electrodes were in adductor longus, 
adductor brevis, and the upper and lower parts of adductor magnus. 
Even when standing on one foot, the adductors on that side remain 
silent. Medial rotation (but not lateral) recruits them all (except perhaps 
for the vertical part of the magnus). During walking, the adductors 
showed different types of phasic activity. There is marked difference 
between the two parts of the adductor magnus; the upper (truly adductor) 
part is active almost through the whole cycle. Adductor brevis and longus 
show triphasic activity with the main peak at toe-off (Greenlaw, 1973). 

Gracilis, which belongs “officially” to the adductor group, will be 
considered separately below. 


Hamstrings 


The three hamstrings, biceps femoris, semimembranosus, and semiten- 
dinosus, act on both hip joint and knee joint. Various studies, including 
those of Basmajian, have shown that the first of these is active in ordinary 
extension of the hip joint (in contrast to gluteus maximus, which acts 
only against resistance), and in flexion and lateral rotation of the tibia at 
the knee. Wheatley and Jahnke (1951) have shown biceps is active also 
in lateral rotation of the extended hip and in adduction against resistance 
of the abducted hip. Furlani et al (1973, 1977) found with a needle 
electrode in each head of the biceps femoris of normal men that both 
heads were active in less than half of cases during lateral rotation of the 
knee. The muscle is an obvious flexor of the knee joint. During the 
standing-at-rest position and standing on one foot, both heads fell silent, 
as they did with adduction of the thigh (Furlani et al, 1973, 1977). 

The semimembranosus and semitendinosus are quite active in exten- 
sion and adduction against resistance of the abducted hip, and in flexion 
and medial rotation of the tibia at the knee joint. With medial hip 
rotation, recruitment is slight (Greenlaw and Basmajian, 1968, unpub- 
lished; Greenlaw, 1973). 

Joseph and his colleagues at Guy’s Hospital Medical School (1954 et 
seq) demonstrated the much greater stabilizing function of the ham- 
strings, as compared with gluteus maximus, but emphasized their quies- 
cence in ordinary standing. Portnoy and Morin (1956) agreed with them, 
as do Greenlaw and Basmajian; even standing on one foot does not 
recruit much activity in hamstrings. 
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In flexion at the hip and in leaning forwards, the hamstrings are much 
more active as supports against gravity. Arienti (1948a and b) of Milan, 
Italy, showed in early EMG studies performed while the subjects were 
walking on a treadmill that the hamstrings come into action at different 
stages of walking. It is not possible to forecast the exact phase of activity 
in a muscle during walking by only examining it while the limb is put 
through artificial tests of prime movers. For example, if semitendinosus 
and semimembranosus are examined while the two are producing a 
deliberate test movement, such as flexion of the knee, they are found to 
act synchronously. On the other hand, the semitendinosus has a triphasic 
pattern during each walking cycle while semimembranosus is biphasic 
(see p 380). 

Arienti believed that, although both heads of biceps femoris act syn- 
chronously during a free-moving test of flexion, the short head acts 
during the swing phase of walking while the long head acts as a stabilizer 
when the foot is on the ground. Greenlaw and Basmajian found that an 
increase of walking speed changes a biphasic pattern to a triphasic one 
in the long head (p 380). 

Hirschberg and Nathanson of New York University made similar 
studies, reported in 1952. The hip muscles, quadriceps, and hamstrings 
showed specific individual patterns, being active (in general) during the 
transition from the swing phase to the stance phase (Fig. 14.6). Only 
gluteus medius continued to contract beyond the middle of the stance 
phase; the others stop contracting within the first third of the stance 
phase. At the transition from the stance to swing, the adductor muscles 
(and sometimes the hamstrings) contract, according to Hirschberg and 
Nathanson. 

There is now no doubt that the hamstrings do not by regional con- 
traction act only on one joint. The studies of these muscles described in 
Chapter 9 (p 232) showed that the entire muscle contracts, regardless of 
whether the upper or lower joint is moved. Which joint is to move as a 
consequence depends on the immobilization of the other joint by other 
agencies. 


Rectus Femoris 


Undoubtedly, the rectus femoris is a flexor of the hip and extensor of 
the knee joint, and electromyography can only contribute information 
of secondary importance, such as the timing of its activity in various 
movements. Because flexion of the hip is closely associated with extension 
of the knee, one is not surprised to find a single muscle performing these 
two movements. As with the hamstrings, Basmajian’s studies on two-joint 
muscles demonstrated that normally the whole muscle contracts even 
with isolated movements of only one of the two joints. With truly isolated 
movements of single joints, Carlso6 and Fohlin (1969) revealed that no 
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stance stance stance 


Figure 14.6. EMG activity of normal gait. (From G.G. Hirschberg and M. Na- 
thanson, ©1952, Archives of Physical Medicine.) 


activity occurs in rectus femoris during knee extension. Okamoto (1968) 
found that the hip joint must be stabilized for full function to occur in 
rectus during knee extension. 

Greenlaw and Basmajian found rectus femoris negligibly active when 
standing on one foot; it is a lateral rotator but not a medial rotator. 
During moderate walking it shows slight biphasic activity (Greenlaw, 
1973). 

Rectus femoris also aids in abduction of the thigh (Wheatley and 
Jahnke, 1951) and apparently is relaxed in ordinary standing. The studies 
of Joseph and Nightingale (1954), Joseph and Williams (1957), Portnoy 
and Morin (1956), Floyd and Silver (1950), and Basmajian’s observations 
all agree on this. Houtz and Fischer (1959) showed a marked activity in 
rectus, together with the vasti, during the thrusting motion of bicycle- 
pedaling but not during the flexion of the hip joint. 
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Gracilis and Sartorius 


Although belonging to the adductor mass, the gracilis crosses and 
therefore acts on both hip and knee. It is active in flexion of the hip with 
the knee extended but is inactive if the knee is allowed to flex simulta- 
neously (Wheatley and Jahnke, 1951). It adducts the hip joint (and 
therefore it rightfully belongs to its parent group, the adductors), and it 
rotates the femur medially (Jonsson and Steen, 1966; Greenlaw and 
Basmajian, 1968, unpublished; Greenlaw, 1973). Jonsson and Steen 
found that during flexion of the hip joint, gracilis is most active during 
the first part of flexion, both in free “basic movements” and during 
walking and cycling. In walking on a horizontal level and on a staircase, 
its activity occurs during the swing phase. At the knee it is a flexor and 
medial rotator of the tibia, although in medial rotation its activity appears 
to be slight, according to Jonsson and Steen. Both groups found it is 
insignificant in maintaining the standing posture. In bicycle pedaling it 
is not very active (Houtz and Fischer, 1959), but during walking, gracilis, 
like adductor longus, shows prolonged activity through most of each 
walking cycle (Greenlaw, 1973). 

Sartorius is active during flexion of the thigh, regardless of whether 
the knee is straight or bent and during flexion of the knee joint or medial 
rotation of the tibia (Wheatley and Jahnke, 1951). Both sartorius and 
gracilis may play a role in the fine postural adjustments of the hip and 
knee, although Joseph (1960) and Greenlaw and Basmajian found no 
activity in sartorius during relaxed standing. In the bicycling experiments 
of Houtz and Fischer (1959), sartorius showed its maximal activity during 
the thrusting phase of pedaling, as would be expected. Only one real 
peak of activity occurs during walking—it comes a short time after toe- 
off (Johnson et al, 1972; Greenlaw, 1973). During level walking, there 
is some activity throughout the swing phase rising to about the middle 
of the swing phase (Johnson et al, 1972). During the remainder of the 
gait, there was only nil-to-slight activity. The same pattern occurred in 
descending steps. However, in ascending steps, the sartorius appeared to 
be more active immediately before heel strike (Carvalho et al, 1972). 

Flexion of the hip evoked the greatest activity of the sartorius muscle 
when only one joint was put through any movement. With combined 
movements of two joints, the greatest activity was recorded when hip 
flexion was accompanied by maximum knee flexion, although knee 
extension after the hip was flexed did show increased activity also 
(Johnson et al, 1972). 

Only when it was resisted did abduction of the hip produce slight-to- 
moderate activity. Medial rotation of the hip recruited little or no activity. 
There was only slight activity during lateral rotation of the hip while 
supine, and there was slight to moderate activity while sitting. 
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As expected, flexion of the knee was generally accompanied by more 
activity than any other motion confined to the knee, being most marked 
against resistance in a sitting position. Extension of the knee was accom- 
panied by slight activity in most subjects, but in three it showed more 
activity than in flexion of the knee (Johnson et al, 1972). 

Variations in the insertion of the sartorius are well known and may 
account for this. Sartorius is the most anterior muscle of the “pes 
anserinus” muscles, and it is easy to see how the pull could occasionally 
be at, or anterior to, the knee axis; this condition would be enhanced 
when the knee is already in extension. 

The sartorius may play a stabilizing role in strong knee extension as 
previously proposed (Houtz and Fisher, 1959). The role of the sartorius 
in walking appears to be that of a regulator. The swing phase of a normal 
gait is a low-energy phase. Once initiated, the weight of the leg swings 
forward as a pendulum, but its course is regulated by several muscles of 
the thigh and leg, one of which is the sartorius. Slight activity in this 
muscle occurs during the entire swing phase, being at its peak (moderate 
activity) at about the middle of the swing phase. The hip is laterally 
rotating during the entire swing phase due to pelvic rotation in conjunc- 
tion with the leg’s forward controlled momentum. More hip and knee 
flexion is needed to clear the toe at the middle of the swing phase, 
perhaps explaining the rise in activity in the middle of the swing phase. 

To clear the foot while ascending stairs requires more flexion of the 
thigh as well as dorsiflexion of the foot and appears to be accompanied 
by more lateral rotation of the thigh at the end of the swing phase. This 
would explain the increase in its activity during the latter part of this 
swing phase. 

Sequential Motor Patterns 

Two-joint muscles play an important integrated function in both skilled 
and distorted activities of the hip and knee joints. These interactions are 
discussed on p 232. 

Vasti 


The vasti, of course, are powerful extensors of the knee joint. The 
experience of the Basmajian group since 1949 agrees with that of many 
other investigators that the vasti are, however, generally quiescent during 
relaxed standing (Akerblom, 1948; Kelton and Wright, 1949; Floyd and 
Silver, 1950; Portnoy and Morin, 1956; Joseph et al, 1954 et seq). Joseph 
and Nightingale (1956) found that when women wear high heels, activity 
appears in the vasti in a substantial proportion of subjects. Arienti (see p 
321) has demonstrated that during walking on a treadmill, the three 
vasti and rectus femoris do not act simultaneously but have a phasic 
pattern. 

Why are there four heads for a muscle that has most of its insertion 
on the restricted edges of the patella? Do the various parts have individual 


LOWER LIMB 325 


functions? Although Lieb and Perry (1968) answered this question in 
part by ingenious morphological and biomechanical studies of amputated 
limbs, electromyography offers an added dimension to their findings by 
revealing the actual timing of activity and the interplay of function in 
the four parts. 

Earlier EMG studies by Pocock (1963) and Close (1964), limited in 
technique, offer provocative but useful ideas that required confirmation, 
expansion, and quantification. An incentive for gaining new and precise 
information arises from the growing interest in myoelectric assistive 
devices for the physically handicapped (including programmed muscle 
stimulators for recruiting of lower limb muscles in proper sequence). For 
these reasons, a detailed study of the interplay of activity in the three 
vasti and the rectus femoris was made in a group of normal adults 
(Basmajian et al, 1972). Bipolar fine-wire electrodes injected in the 
middle of the belly of each head of quadriceps provided excellent EMG 
response with no “crosstalk.” 


TIMING OF ONSET AND CESSATION 


Figures 14.7 to 14.9 summarize the tabulated results of the pooled 
data. In summary, the most striking features are: (1) the variation 
between the different heads; (2) the considerable standard deviation 
arising from individual differences; and (3) the late onset and early 
cessation of activity in rectus femoris during the squatting maneuvers. 


GRADING OF ACTIVITY 


Figure 14.10 summarizes the findings. The most revealing findings 
are the similarities between muscles in the pooled data with the consid- 
erable variation in individuals at certain times (the most marked variation 
occurring at the end of straightening up from the squatting posture). 
There is no question that weighted extension recruits the greatest 
activity. Vastus medialis does appear to increase its activity more rapidly 
toward the end of unweighted extension, but it is not greatly different 
from the other heads during the act of squatting. 

It is now becoming widely recognized that vastus medialis acts through 
the whole range of extension, not just at its terminal phase. Also it is in 
this terminal phase that the muscle is supposedly the most active because 
it completes extension. However, another very real function of vastus 
medialis at the end of extension is its prevention of lateral dislocation of 
the patella. The special direction and insertion of the lowest fibers of the 
muscle point directly at this being the real role of that lowest part of the 
muscle which bulges so prominently here. 

Most clinicians and functional anatomists believe that an unstable knee 
is due to an inability to produce the final 15° of extension. In turn, many 
clinicians continue to believe that this failure is primarily due to weakness 
of the medial head of the quadriceps. It is difficult to deny that the final 
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Figure 14.7. Diagrammatic representation of onset and cessation of activity in 
the four heads of quadriceps during unweighted extension of the knee from 90° 
to 180° and flexion back to 90°. Subject seated; no added load. Mean and 
standard deviation of the angle at which activity begins starts each line; the 
broken arrows indicate the direction of movement to full extension and back to 
the mean and standard deviation of the angle at which the activity ceases. (From 
J.V. Basmajian et al, 1972, Anatomical Record.) 


15° of extension is important. Indeed, the aim of quadriceps retraining 
is to enable a patient to extend his knee fully and to maintain that 
extension. Whether the fundamental part is vastus medialis itself is open 
to serious doubt. Lieb and Perry (1968, 1971) concluded that early 
atrophy of the vastus medialis prominence, coupled with the loss of 
terminal extension, is simply indicative of a general quadriceps weakness. 
Earlier Hallén and Lindahl (1967) reported essentially the same findings. 
Both groups established the general role of vastus medialis rather than 
its widely touted terminal-extensor function. Hallén and Lindahl also 
stressed the importance of pain inhibition and adhesions in the limitation 
of extension in its last 10°. 

The visible prominence of the vastus medialis is really related to the 
marked obliquity of the distal fibers of the muscle, its lowness of insertion, 
and the thinness of fascial covering in that area. The extensor lag 
accompanying knee extension is a function of great loss in the mechanical 
advantage of the whole muscle during the final 15° of the extensor 
range because a 60% increase of force is needed to complete extension 
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(Lieb and Perry, 1968). Thus, the only selective function attributable to 
vastus medialis is patellar alignment. One cannot deny the importance 
of the latter, but it has no special part to play as a prime mover in the 
final extensor movement insofar as mechanical advantage is concerned; 
this appears to be confirmed by the findings of Basmajian et al and more 
recently in a study of gait by Adler et al (1983). A surprising burst of 
activity during the squatting test as subjects pass from 150° to 135° 
remains unexplained. 

The above detailed studies supplemented those of Pocock (1963), 
Close (1964), Lesage and Le Bars (1970) and Lieb and Perry (1971), 
and offers quantification in all four heads (including vastus intermedius). 
True, this does not greatly alter our understanding of the vastus inter- 
medius which seems to have no discrete role. The question of “Why four 
heads?” is still unanswered, except in a negative way: the muscles act in 
concert to achieve a common end. Minor differences (such as the burst 
of activity in vastus medialis during squatting) may alone explain the 
structural discreteness. The relatively short period of significant grades 
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Figure 14.8. Diagrammatic representation of onset and cessation of activity in 
the four heads of quadriceps during weighted extension of the knee from 90° to 
180° and flexion back to 90°. Subject seated; 30 Ibs (13.6 kg) added load. Mean 
and standard deviation of the angle at which activity begins starts each line; the 
broken arrows indicate the direction of movement to full extension and back to 
the mean and standard deviation of the angle at which the activity ceases. (From 
J.V. Basmajian et al, ©1972, Anatomical Record.) 
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of activity in the rectus femoris (compared with the vasti), also noted by 
Pocock, may also have some importance which is not now apparent. Any 
judgments of the timing of the muscles based upon biomechanical 
calculation appear to be especially fallible where the quadriceps femoris 
is concerned. 

Pocock’s finding that quadriceps activity is less during the down phase 
of squatting is contradicted by the findings which show a parallelism 
between the up and down stages. Some difference in technique may 
account for his conclusion. 

An important additional finding in the study by Basmajian et al is the 
variation from subject to subject. This is particularly marked at the 
conclusion of standing up from the squatting exercise. Individual varia- 
tions in responses of muscles must be taken into account in the design of 
myoelectric devices. Rideau and Duval (1978), Elorante and Komi 
(1981), and Stratford (1982) enlarged on these findings; they believe 
that the slope of the integrated EMG-force relationship is linear with the 
speed of contraction and with the position of the knee joint, but more 
convincing evidence is needed for a final decision. In nonhuman primates 
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Figure 14.9. Diagrammatic representation of onset and cessation of activity in 
the four heads of quadriceps during squatting to 90° from the fully erect posture 
and back up again. Subject standing; no added load. Mean and standard deviation 
of the angle at which activity begins start each line; the broken arrows indicate 
the direction of movement to 90° flexion (squatting) and back to the mean and 
standard deviation of the angle at which the activity ceases. (From J.V. Basmajian 
et al, ©1972, Anatomical Record.) 
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Figure 14.10. Composite diagram of changing EMG activity rated 0 to 4 during 
the movements of the knee reflecting mean and standard deviations at epochs 
of the movements shown on the horizontal axis. Heavy lines indicate the means; 
shaded areas the standard deviations. (From J.V. Basmajian et al, ©1972, Anatom- 
ical Record.) 


(Jouffroy et al, 1979; Jungers et al, 1980), the results of EMG studies 
tend to agree with human studies. During bicycle pedaling, considerable 
quadriceps activity was obvious in the study by Mohr et al (1981). 
Duarte Cintra and Furlani (1981) compared slow and fast movements 
both free and resisted in the four heads of quadriceps recorded via wire 
electrodes. In general they confirmed that the vasti acted simultaneously, 
with medialis and intermedius “more active.” Rectus femoris acted late 
in (a) hip flexion with passive motion at the knee; (b) in bending backward 
at the hip; (c) in squatting; and (d) in the sitting-down movement. In 
standing up, rectus femoris acts briefly at the start only. 
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The study by Murphey et al (1971) of Dallas, Texas, has special interest 
for they were concerned with the activity of the quadriceps during 
standing in subjects who habitually show hyperextension and flexion of the 
knee when standing up. In all instances, flexion subjects showed more 
activity than hyperextension subjects. 

Ravaglia’s (1957) earlier investigation of quadriceps femoris is also of 
interest. In a series of normal subjects he recorded via surface and needle 
electrodes from the vastus medialis, vastus lateralis and rectus femoris 
simultaneously. During the movement of rising from the sitting to the 
standing position and vice versa, the activity in the three heads was not 
synchronized and equal. The vastus medialis was retarded and was not 
as active as the other two. In erect standing the activity in the three 
heads fell rapidly. The vastus medialis was more active than the other 
two muscles examined. Ravaglia demonstrated conclusively that the three 
heads acted in different ways in various phases of movement. 

Wheatley and Jahnke (1951) found a greater activity in vastus medialis 
when the knee was held in extension with hip joint flexed or the knee 
joint (tibia) laterally rotated. On the other hand, the vastus lateralis was 
more active in extension of the knee when the hip was flexed or the knee 
joint (tibia) medially rotated. During resisted extension of the knee, the 
various parts of quadriceps came into action at different phases of the 
movement (Fig. 14.11). 

In an unpublished 1957 study by J. V. Basmajian, W. E. K. Brown, 
and Rita Harland of electromyographic examinations of quadriceps 
femoris, the results were quite interesting. Subjects included 11 young 
women in whom simultaneous recordings were made from the vastus 
medialis, vastus lateralis, and rectus femoris using skin electrodes. The 
aim was to evaluate a number of standard procedures sporadically used 
in rehabilitation work, ostensibly to help strengthen the quadriceps. For 
example, associated movements of the toes have been advocated to 
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Figure 14.11. EMG records of thigh muscles during extension of the knee from 
90° to 180° (subject seated, limb hanging). (From M.D. Wheatley and W.D. 
Jahnke, 1951, Archives of Physical Medicine.) 
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augment the activity of the quadriceps. More than half of the subjects 
showed no such augmentation. In those in whom augmentation of 
quadriceps did occur, the actually effective toe movement was flexion in 
some and extension in others. 

Associated foot and ankle movements were somewhat more effective 
than toe movements in causing augmentation of quadriceps activity; this 
was true in most (but not all) of the subjects. However, there was no 
clear-cut difference among the effects of any of the following: dorsiflex- 
ion, plantar flexion, inversion, and eversion. All seemed to augment in 
some subjects, while one or another of the movements proved to be the 
most effective in others. 

Medial or lateral rotation of the hip joint performed simultaneously 
with contraction of quadriceps had essentially no effect on the EMG 
activity of quadriceps (except for some slight augmentation in one 
subject). Not only did simultaneous hip flexion fail to augment the 
amount of activity in quadriceps in most subjects, but it even decreased 
it in some. 

The most effective technique for maximal motor unit activity was 
having the subject actively perform extension of the knee against resist- 
ance—not in a static position but during motion. Nonetheless, in many 
subjects, static contractions were just as effective—or even more effec- 
tive—and therefore cannot be categorically condemned. The greatest 
activity during motion occurred in the last half (i-e., 90°) of extension. 
With static contractions, the position of the knee most effective for 
showing maximal activity in quadriceps was almost always the fully 
extended one. 

In all subjects, concentric actions caused more activity than eccentric 
ones, i.e., activity of the muscle during its primary action or shortening 
was considerably more than the activity while the muscle was acting as 
an antagonist or being forced to lengthen as it acted (negative work). 

Flexion of the trunk or isolated contraction of the opposite quadriceps 
had little if any effect on the quadriceps under examination, suggesting 
that such techniques are practically useless for rehabilitation work. Si- 
multaneous bilateral contraction of the quadriceps did not augment the 
activity in the one under study in some subjects while it did so in others. 
Finally, having the subject “push down” at the hip and knee regions (in 
an effort to hyperextend the knee joint actively) did not increase the 
activity of quadriceps but actually diminished it in 3 of the 11 subjects. 
Instructing a patient to “push down your knee” is therefore not an 
acceptable procedure for producing maximal quadriceps activity. 

The lesson to be learned by physiotherapists and rehabilitation spe- 
cialists from these findings is one of healthy skepticism for many of the 
dogmatic teachings that bear on the best methods of evoking maximal 
quadriceps activity. Some of the findings appear to confirm the dogmas; 
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others flatly contradict them; and still others show that different subjects 
react in different ways. 


Popliteus 

In a pioneer piece of EMG research with needle electrodes on this 
small, deeply set muscle lying behind the knee, Barnett and Richardson 
(1953) confirmed the classical teaching (often denied) that it is a medial 
rotator of the tibia. Its activity at the start of flexion of the knee is related 
to the unlocking of the knee joint. When a person stands in the semi- 
crouched knee-bent position, continuous motor unit activity of the 
muscle was demonstrated (see Fig. 11.4 on p 260). When the knee is 
bent, the weight of the body tends to slide the femur downward and 
forward on the slope of the tibia. It seems that the continuous marked 
activity of popliteus aids the posterior cruciate ligament in preventing 
forward dislocation. Reis and Carvalho (1973) emphasized their findings 
based on equilibrium functions for the control of torsional forces. 

Using improved wire electrode techniques, Basmajian and Lovejoy 
(1971) delineated the functions of popliteus further in 20 normal per- 
sons. The data were recorded and stored on magnetic tape and were 
analyzed after analogue-to-digital conversion by a LAB-8 computer. The 
digital information was normalized by making the greatest activity for 
each subject equal to one; lesser degrees of activity were then compared 
with this normalized maximum activity. 


STATIC EXTENSION 


Each subject was tested in the sitting position. Data were recorded 
with the leg and foot maintained by the subject in the neutral position, 
then in full medial rotation, and in lateral rotation, beginning with the 
knee joint at 90°, and then at approximately 120, 135, 160, 175, and 
180° (full extension) (Fig. 14.12). The EMG activity in neutral and 
lateral rotation remained approximately the same in all degrees of 
extension (Fig. 14.13). However, in medial rotation of the tibia on the 
femur there was marked increase in activity. The activity was greatest 
through the first 40° of extension and decreased as full extension was 
reached. 


STATIC FLEXION 

Each subject was tested in the prone position, and data were recorded 
at the same degrees of flexion and rotation as previously (Fig. 14.14). 
Again, the electromyographic activity remained essentially constant in 
neutral and lateral rotation of the tibia. There was a marked increase in 
activity through the first 20° of flexion with the leg medially rotated, 
and it gradually decreased as 90° of flexion was reached. 
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Figure 14.12. Composite of mean EMG results in popliteus with subject seated 
and unsupported knee held at different angles. (From J.V. Basmajian and J.F. 
Lovejoy, ©1971, Journal of Bone and Joint Surgery.) 


MOVEMENTS OF KNEE 

The EMG activity was recorded beginning with the knees locked, then 
with the subject flexing to 150°. This was repeated with the right 
- shoulder and trunk rotated forward, then with the left shoulder and 


Medial. Rotation Neutral Lateral Rotation 
at 60° at 60° 


Figure 14.13. Example of EMG activity in popliteus during rotations of tibia. 
(From J.V. Basmajian and J.F. Lovejoy, ©1971, Journal of Bone and Joint Surgery.) 
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Figure 14.14. Composite of mean EMG results in popliteus with subject lying 
prone and knee held at different angles. (From J.V. Basmajian and J.F. Lovejoy, 
©1971, Journal of Bone and Joint Surgery.) 


trunk rotated forward. In each instance recordings were made with the 
feet in three positions: neutral, medial rotation, and lateral rotation. 

The activity in the right popliteus muscle remained constant with the 
right shoulder rotated anteriorly and the feet at neutral, in medial 
rotation, or in lateral rotation. With the left shoulder rotated anteriorly 
and the feet laterally, the activity increased with knee flexion. With the 
feet at neutral or in medial rotation, the activity was greatest at the 
initiation of flexion. The activity was persistently elevated above that 
obtained with the right shoulder rotated and with the feet in the same 
positions. 

Gait was analyzed in all subjects using foot switches on the heel, toe, 
and lateral margin of the shoe. The subject was tested on a treadmill at 
1.6 and 3.2 km/hour with normal gait, toe-in, and toe-out gaits. In 
general the activity was greatest at heel-strike and from foot-flat to toe- 
off, that is, during most of the weight-bearing phase of gait. 


LEG MUSCLES 


An early EMG study with needle electrodes of three muscles of the 
leg (and three intrinsic muscles of the foot) was reported by Basmajian 
and Bentzon (1954). The muscles of the leg were the tibialis anterior, 
the peroneus longus, and the lateral head of gastrocnemius. Most of the 
subjects were tested in different postures and during a variety of move- 
ments. Often, other muscles were examined as well. The first part of 
this section concerns only the findings in the muscles named during the 
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“relaxed standing at ease” position. In this regard, of special interest was 
testing the validity of the popular theory that the peroneus longus, the 
tibialis anterior, and the intrinsic muscles of the foot maintain the arches 
of the foot in ordinary standing. Special attention was also paid to the 
possible influence of certain variable factors, such as the sex of the 
subject, the type of feet, and the wearing of high heels by women. 

For each muscle, records were made while the subject was reclining 
(as a control), immediately upon assuming the standing barefooted 
posture, and after 2 minutes of standing. Considerable testing showed 
that the initial activity invariably found on changing a position falls off 
rapidly to the resting level and that the 2-minute interval is adequate. 
Moreover, many of the subjects were tested at longer intervals (up to 15 
minutes) with no change in the results. 

The “relaxed standing at ease” posture is the comfortable well-bal- 
anced stance with the feet several inches (about 8 cm) apart and bearing 
equal weight, and with the hands clasped loosely behind the back. The 
relative position of the feet would show minor individual variations. 
However, the slight changes that were necessary for some subjects to 
conform to the standard position made no difference in their comfort 
or in the findings. 

In the women, additional similar records were made from the muscles 
of the leg while high heels were being worn. The heels were all 242 
inches (about 6 cm) high, except in one case in which they were 3 inches 
(7.5 cm). 

The lateral head of gastrocnemius was active in the majority of 
subjects. In the women, the group showing continuous activity was 
definitely smaller when the subjects were barefooted but, when high 
heels were worn, was almost the same as in the males. A quarter of both 
men and women showed no electromyographic activity in this muscle 
when the subject stood barefooted. Analysis of individual cases revealed 
that only one of the women continued to show no activity with high 
heels. 

Almost half of the men and a quarter of the women showed no EMG 
activity in tibialis anterior when standing barefooted (Fig. 14.15). But 
another quarter of both the men and the women showed pronounced 
activity which could be abolished by leaning forward. Each of the women 
in this latter group exhibited at least the same degree of activity on 
standing in high heels. One woman showed moderate activity while 
standing with high heels but only slight activity while standing bare- 
footed. 

Only 1 of 16 men and 2 of 16 women showed continuous activity in 
peroneus longus while standing barefooted. An additional man and 5 
women showed intermittent activity. Half of the men and a third of the 
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Figure 14.15. Representative EMGs from leg muscles during standing: a and b, 
nil to negligible activity; c, slight; d, intermittent bursts; e, moderate continuous; 
f and g, marked continuous. (From J.V. Basmajian and J.W. Bentzon, ©1954, 
Surgery, Gynecology, and Obstetrics.) 
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women showed inactivity when barefooted. With high heels, half of the 
women showed continuous marked activity and none showed inactivity 
in peroneus longus. 

There was no consistent significant relationship between the types of 
feet and types of activity in any muscle. 

It now seems to be beyond controversy that the tibialis anterior and 
the peroneus longus (and, as we shall see, the intrinsic muscle of the 
foot) play no important active role in the normal static support of the 
long arches of the foot. These muscles are completely inactive electro- 
myographically in many normal individuals while standing. Smith (1954) 
came to the same conclusion after examining six subjects who all showed 
EMG quiescence in the anterior crural muscles during standing. The 
same situation holds for both peroneus longus and peroneus brevis 
(Jonsson and Rundgren, 1971), and for tibialis anterior, the peronei, 
flexor and extensor digitorum longus, and abductor digiti quinti (Suzuki, 
1956). 

Although this investigation of predominantly normal feet showed no 
obvious relationship between types of feet and the types of activity in the 
muscles concerned during standing, no attempt is made to suggest that 
the muscles play no role in the abnormal flat foot. Furthermore, one 
cannot dismiss the role of these muscles in the maintenance of the arch 
during locomotion. Indeed, the intrinsic muscles of the foot are always 
very active when one rises on the toes to even the slightest degree (see 
below). 

In so far as the muscles of the leg are concerned, the results showed a 
biological range of activity and were not in accord with some of the 
absolute findings of Smith, Joseph and Nightingale, and Akerblom. We 
find that in the relaxed standing at ease position, there is activity in some 
individuals in the tibialis anterior and peroneus longus and that this can 
be abolished easily by unusual and varying stances or by the removal of 
weight from the limb. The disagreement probably stems largely from 
our use of the more sensitive needle electrodes rather than simple skin 
electrodes (Fig. 14.16). 

Joseph and Nightingale were concerned with soleus, gastrocnemius, 
and tibialis anterior. In their subjects they found continued activity in 
every soleus and in some gastrocnemii, but none in tibialis anterior (Fig. 
14.17). Since their original paper they soon added to their series with 
no change in their conclusions (Joseph, 1960). Granit’s (1960) statement 
that, in general, mammalian soleus is tonic and gastrocnemius phasic 
may bear on this matter. However, Smith (1954) found that what postural 
activity there was in human legs during standing was intermittent and 
confined to gastrocnemius, not soleus. Levy (1963) found that in man 
soleus produces greater reflex contraction than gastrocnemius during 
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the ankle jerk. He suggested that a greater density of muscle spindles in 
soleus (now generally accepted) accounts for this. One might expect a 
greater sensitivity to stretch in soleus. Herman and Bragin (1967) further 
elaborated on the differences between gastrocnemius and soleus in man. 
In general, the former is more sensitive to conditions of length, strength, 
and rate of contraction; soleus plays a more constant role and is more 
active at ankle dorsiflexion and in minimal contractions. Campbell et al 
(1973) in Biggs’ laboratory at the Baylor College of Dentistry were even 
more specific. Recently they showed with fine-wire electrodes that the 
stability of the foot support affects the activity of even selected parts of 
these two muscles. The medial part of soleus has distinct functions: it is 
both a strong mover of the foot on the leg and a stabilizer of the leg on 
the foot; however, the lateral part gives little power to moving the ankle 
and is largely a stabilizer—especially when the platform is unstable. The 
two heads of gastrocnemius are quiet until motion is required at the 
ankle, thus acting as an auxiliary plantar flexor. The main dynamic and 
static flexor, the medial part of the soleus, has never before had such a 
lime-light exposure. 

Closely related to the soleus and gastrocnemius muscles is the much 
less obvious plantaris (p 345). A study of 12 normal subjects with fine- 
wire electrodes revealed that its primary function is plantar flexion and 
inversion (lida and Basmajian, 1973). Only in a loading situation does 
plantaris assist in knee flexion. Its function is not always the same as that 
of the closely related lateral head of gastrocnemius, which always has a 
slight activity in eversion. 
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Figure 14.16. Diagram of EMG activity in anterior and posterior muscles of the 
leg under differing conditions. 
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Figure 14.17. EMG records from soleus (upper trace) and tibialis anterior (lower 
trace. (a) Standing at ease. b) After swaying forwards. (c) While swaying back- 
wards. (d) After swaying backwards. (From J. Joseph, ©1960, Charles C Thomas.) 


The increased activity in all three of the muscles of the leg when high 
heels are worn may seem to be due to the element of instability intro- 
duced by the posture (Fig. 14.16). But it will be noted that gastrocnemius 
and peroneus longus are involved and that tibialis anterior is not affected 
to any great extent. In another series of experiments peroneus longus 
was found to be markedly active in plantar flexion of the ankle. It 
appears, then, that the wearing of high heels shifts the center of gravity 
forward to a new position in many women, with a resultant increase in 
the activity of gastrocnemius and peroneus longus. 

Joseph and Nightingale (1956) confirmed the finding that the wearing 
of high heels caused an increase in activity of the calf muscles (specifically, 
soleus) in most women (Fig. 14.18). They investigated the line of gravity 


340 MUSCLES ALIVE 


[bie sali “toi qh 


Wl al i 


Figure 14.18. EMG records of soleus in women. (A) Standing at ease. (B) 
Standing at ease with high heels. (From J. Joseph and A. Nightingale, ©1956, 
Journal of Physiology.) 


in 11 women and reported that it bore no constant relationship in spite 
of their reluctance to agree to the occurrence of intermittent activity of 
the leg muscles in standing. They also established beyond a doubt that 
the swaying forwards and backwards of a subject by as little as 5° 
produces reflex activity of the posterior and anterior leg muscles. 

Portnoy and Morin (1956) tended to confirm the above findings, 
reporting that 5 gastrocnemii showed intermittent activity while 9 (of 
16) showed continuous activity during relaxed standing. Naponiello 
(1957) reported similar intermittent activity in tibialis anterior with or 
without high heels, as did Floyd and Silver (1 950), who first drew special 
attention to the intermittent, unconscious, back-and-forth swaying which 
causes it. 

Ferraz et al (1958) have concluded from a study of seven subjects that 
the peroneus longus and peroneus brevis act intermittently as postural 
muscles, becoming very active in leaning forward and silent when leaning 
backward. Their activity is pronounced during the propulsive phase of 
normal walking, and the activity of the two muscles is synchronous. 


ARCH SUPPORT OF FOOT 


The mechanism of arch support in the foot remains controversial 
despite years of investigation. According to one theory, the arches are 
maintained by the contraction of muscles; according to a second, by the 
strength of passive tissues; and according to a third, by the combination 
of both muscles and passive structures. 

A century ago, Duchenne stated that by faradization of the peroneus 
longus in flat-footed children he was always able to produce the progres- 
sive formation of a normal plantar arch. Keith, in 1929, concluded that 
muscles are all-important in the support of the arch and that ligaments 
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come into play only after the muscles have “failed.” Morton (1935) 
disagreed. He concluded that the structural stability of the foot is not 
dependent on muscles. He claimed that appreciable muscle exertion is 
needed only when the center of gravity of the body moves beyond the 
margins of structural stability, whereas only a slight controlling action 
by the muscles is required when the center remains between those 
margins. In 1952, Morton and Fuller further showed that static strains 
upon the foot are relatively low in intensity, falling well within the 
capabilities of the ligaments. Their calculations showed that only acute, 
heavy, but transient forces, such as in the takeoff phase of walking, 
require the dynamic action of muscles. 

Thus the controversy continued and was kept alive by others, including 
Kaplan and Kaplan (1935) and Lake (1937). In 1941, R.L. Jones, using 
the method of palpation in the living and direct observation in cadavers, 
concluded that not more than 15 to 20% of the total tension stress on 
the foot is borne by the posterior tibial and peroneal muscles. Much the 
greater part of this stress is borne by the plantar ligaments of the foot, 
but the short plantar muscles, being in an advantageous position, also 
contribute to the support. 

After World War II, Harris and Beath (1948) concluded from their 
extensive survey in the Canadian Army that both passive supporting 
structures and muscles are responsible for a normal arch. They frankly 
favored the role of the passive structures but admitted the readiness of 
the muscles to assume a role in arch support. Wood Jones (1949) agreed 
that maintenance of the normal arched form of the foot results from the 
dual control exerted by the passive elasticity of the ligaments and the 
active contractility of muscles. He concluded that the plantar aponeurosis 
and plantar tarsal ligaments hold the anterior and posterior pillars of the 
arch together and that the actively contracting intrinsic muscles between 
the aponeurosis and tarsal ligaments also play an important part. 

From a general EMG study of the leg and foot with needle electrodes, 
the tibialis anterior, the peroneus longus, and the intrinsic muscles of 
the foot were found to play no important role in the normal static 
support of the long arches of the foot (Basmajian and Bentzon, 1954). 
As noted before, many if not most of these muscles showed inactivity 
during standing in a relaxed position. This was confirmed in general 
terms by Smith (1954), who used skin electrodes. Many standard text- 
books, however, still overemphasize the part played by muscles in the 
support of the arches of the foot. For example, Gray’s Anatomy (Johnston 
et al, 1958) stated that the tibialis posterior is the most important factor 
when the foot is bearing weight, and that the peroneus longus, tibialis 
anterior, flexor hallucis longus, abductor hallucis, and flexor digitorum 
brevis also contribute to the support. 

In an attempt to settle the controversy, a special study was performed 
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of the muscular support of the loaded arch (Basmajian and Stecko, 1963). 
Because earlier studies ran the risk of confusing the muscle activity 
required for postural adjustment with that for the support of the arches, 
the subjects were seated, and the leg and foot were loaded artificially in 
a special apparatus (Fig. 14.19) that provides graded loads of up to 400 
Ibs (182 kg). 

Six muscles of particular interest were chosen for this EMG study. 
They were: the tibialis anterior (since by its insertion it would appear to 
raise the summit of the medial longitudinal arch); the tibialis posterior 
and the peroneus longus (since by acting together, these two might 
provide a sling support); and the flexor hallucis longus, abductor hallucis, 
and flexor digitorum brevis (since all three are in a position to act as 
longitudinal bowstrings). These muscles were studied with indwelling 
fine-wire electrodes, and simultaneous recordings were made with high- 
gain amplifiers. 

The special load-applicator consisted of a lever made from an oak 
beam, fixed at one end to a heavy frame by a hinge to provide the 
fulcrum (Fig. 14.19). The bent knee of the subject could be placed under 
the beam, and by use of leverage, loads of 100, 200, and 400 Ibs (about 
45.5, 90, and 182 kg) could be applied through the vertical leg to the 
foot. These loads were chosen because 100 Ibs approximates or exceeds 
the normal load on each foot in the upright bipedal stance; 200 Ibs 
approximates or exceeds the load on the arch in upright unipedal stance; 
and the 400-Ib load is the maximum that can be applied without extreme 
discomfort at the knee. The system provides a convenient method of 
loading the arches while eliminating any postural effect that muscles 
might have on the leg and foot. To test the influence of various positions 
of the foot and ankle, the foot was supported on a specially constructed 
adjustable platform (Fig. 14.19). 

In these experiments, all six of the muscles, which are often considered 
to be important contributors to arch support, did not react to loads that 
actually surpassed those normally applied to the static plantigrade foot. 
One hundred pounds elicited little if any contraction. With loads of 200 
Ibs applied to one foot, a small number of the muscles showed some 
activity, but this was exceptional and varied with the muscle and the 
posture of the foot. The peroneus longus was dramatically quiescent 
except, perhaps, when 400 Ibs was applied to the inverted foot. With 
this load, however, a substantial number of the other muscles also came 
into play (Fig. 14.20). 

An analysis of the forces on the arch by the method of Steindler reveals 
that 400 Ibs does not exceed the normal forces imposed on the arch in 
the takeoff position of walking. Earliest study (Basmajian and Bentzon, 
1954) showed a great deal of activity in the tibialis anterior, peroneus 
longus, and intrinsic muscles of the foot when the subjects stood on 
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Figure 14.19. Arrangement of a subject with the load applied by leverage and 
the foot on the adjustable platform (here set in the horizontal position). (From 
J.V. Basmajian and G. Stecko, ©1963, Journal of Bone and Joint Surgery.) 


tiptoe. From these earlier findings and those of the newer study, one 
may conclude that in the standing-at-ease posture muscle activity is not 
required, and the muscles are inactive; however, in positions in which 
excessive stresses are applied, as in the takeoff phase of gait, the muscles 
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Figure 14.20. Sample tracings of electromyographic recordings while the foot 
is on the horizontal platform to show range of activity from minimum (left side) 
to maximum (right side) activity with loads of 100, 200, and 400 lbs. T.A., T.P., 
P.L., F.H.L., A.H., and F.D.B. are abbreviations for tibialis anterior and posterior, 
peroneus longus, flexor hallucis longus, abductor hallucis and flexor digitorum 
brevis. T. is the time signal with a frequency of 100 cycles per second and an 
amplitude of 200 pV. (From J.V. Basmajian and G. Stecko, ©1963, Journal of Bone 

and Joint Surgery.) 
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do react. Without any question, the first line of defense is provided by 
the passive structures. During activity the muscles would appear to 
contribute to the normal maintenance of the longitudinal arches. 

This brings us back to the conclusion of Harris and Beath that the 
normal foot is supported both by passive factors (bones and ligaments) 
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and by active factors (muscles) and that these factors are reciprocal. They 
stated that, in the average or strong foot, most of the support is provided 
by passive factors, with little load being supported by the muscles. Much 
greater stability and strength for the foot can be provided by the passive 
support of a well-designed skeleton than from the active support provided 
by muscles. However, the concluded that the muscles always play some 
part in maintaining balance and in supporting the load. This latter 
opinion is shown by the experiments of Basmajian and Stecko and by 
those of Miyoshi (1966) to be incorrect for the static foot. 

Harris and Beath stated further that the strong foot is one in which 
the tarsal bones are so articulated with each other that the weight of the 
body is borne without appreciable movement between them. With a 
strong foot, the muscles are used to maintain balance, to adjust the foot 
to uneven ground and, of course, to propel the body in walking and 
running. The weak foot is one in which the tarsal bones are so shaped 
and are so disposed that they are unstable and shift in position when 
weight is superimposed. Only by increasing the support provided by the 
muscles can the normal shape of the foot be maintained and the body 
weight supported. 

There is a limit to the contribution that muscles can make. They 
cannot function unremittingly, nor can they provide the powerful sup- 
port furnished by the skeleton. The first line of defense of the arches is 
ligamentous. The muscles form a dynamic reserve, called upon reflexly 
by excessive loads including the takeoff phase in walking. 

Undoubtedly, a study of a series of subjects with flat feet, using the 
techniques of the present research, would help to clarify the situation. 
Thus Gray and Basmajian (1968) found that more than half of the flat- 
footed subjects had activity in the muscles tested (tibialis anterior, tibialis 
posterior, peroneus longus and soleus). They concluded that the use of 
these muscles as a dynamic reserve in attempting to maintain the arch 
was real. They greatly expanded this study using fine-wire electrodes in 
tibialis anterior, tibialis posterior, flexor hallucis longus, peroneus longus, 
abductor hallucis, and flexor digitorum brevis. Their findings lend 
further support to the theory that in the imbalanced foot musclear activity 
does occur, apparently reflexly. Gray (1969) elaborated further on these 
findings, showing that flat feet always are accompanied by activity in 
tibialis anterior, tibialis posterior, and peroneus longus. The interesting 
finding of Novozamsky and Buchberger (1970) lends strong support to 
all that is written in the previous pages: 44 persons went on a 100-km 
hike; those who had normal feet maintained their arches, but those who 
had fallen arches before had a further drop. 


Plantaris 


Clinically this small and sometimes absent muscle attracts the attention 
of surgeons after achilles tendon rupture, when the plantaris tendon 
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usually remains intact. Even with complete achilles tendon ruptures, 
patients can plantar flex to some degree. Therefore, the precise action 
of normal plantaris in 12 persons during voluntary movements of the 
knee and ankle and everyday activities of standing, walking, and stair- 
climbing was studied by lida and Basmajian (1975). To provide a refer- 
ence, the lateral head of gastrocnemius was recorded simultaneously. 

The plantaris is very active when plantar-flexion occurs in full knee 
extension. As the angle of the knee decreases, the amplitude of activity 
falls progressively, apparently because the muscle becomes shorter and 
loses its mechanical advantage. Also, plantaris is a two-joint muscle (p 
232). 

There are two types of inversion. In “inversion 1,” there is no change 
of the ankle angle; in “inversion 2” the foot is inverted while plantar 
flexing the ankle. In inversion 1, plantaris activity is slight and unaffected 
by knee angle; the foot is adducted and twisted in such a way that the 
medial border is raised and there is little or no plantar flexion; however, 
the plantaris may contract slightly to assist the twisting movement. In 
inversion 2, the plantaris muscle is strongly active, although somewhat 
less than in plantar flexion, because plantar flexion always accompanies 
the medial rotation of the pendant foot so that the sole is directed 
inward. 

In eversion, the plantaris muscle is slightly active only in full knee 
extension (in some subjects only) because knee flexion shortens the 
muscle. In flexion of the knee in the prone position without resistance 
there is no activity until resistance is offered—when there is moderate 
activity. The moderate activity in some subjects during flexion of the 
knee in the standing position is related. 

The moderate activity in climbing upstairs for all subjects—and in 
level walking and knee flexion in standing in some—suggests that the 
plantaris muscle assists the function of the knee in loading situations, 
although perhaps this is not a primary action of plantaris muscle. Slight 
activity in plantaris in some subjects while leaning forward occurs because 
the mechanical axis falls in front of the geometric center of the support- 
ing bone. As the heel loses contact with the floor, strong contraction of 
the plantar flexors, including plantaris, quickly checks the forward move- 
ment of the trunk, and the subject attains a new stable position on the 
balls of the foot. 

Silence of plantaris is pronounced in level walking; knee flexion in 
standing; leaning backward, left and right; standing on forward and 
backward slopes; descending stairs; and knee flexion in the prone position 
without resistance. Apparently all these movements need neither plantar 
flexion nor inversion 2, nor strong flexion of the knee joint, all of them 
being the chief actions of plantaris. 

Difference of function between the plantaris and the lateral gastroc- 
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nemius emerges in eversion and in leaning right. The origin of plantaris 
muscle on the lateral femoral condyle is higher and thus closer to the 
axis of the femur than is the origin of lateral gastrocnemius, and the 
insertion is more central on the posterior aspect of the calcaneus. The 
momental line of plantaris is more vertical and parallel to the leg axis 
than that of the lateral gastrocnemius, in which the line is oblique from 
lateral to medial. Thus, in leaning right, when the body weight is shifted 
right, the mechanical axis falls lateral to the geometric center of sup- 
porting bone, and in order to hold the balanced standing position, the 
right foot must be everted, resulting in moderate activity in the lateral 
gastrocnemius muscle. 
Free Movements of Ankle 

The studies of Basmajian et al over many years and those of O’Connell 
(1958) confirmed the classical teaching in regard to the importance of 
tibialis anterior in dorsiflexion of the ankle with the assistance of extensor 
digitorum longus and extensor hallucis (Fig. 14.21). The peronei are 
inactive during dorsiflexion but active during plantar flexion. The activ- 
ity of the peronei seems to be transmitted chiefly to the transverse tarsal 
joint and not the ankle joint. Walmsley (1977) showed that the peroneus 
longus and brevis muscles act synchronously during the stance phase. 
Peak activity was at full-foot, both on the level and on an incline. 

O’Connell and Basmajian’s group have each found independently that 
tibialis anterior is not very active in producing inversion unless dorsiflexion 
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Figure 14.21. EMG records of various leg muscles during dorsiflexion. (From 
A.L. O'Connell, ©1958, American Journal of Physical Medicine.) 
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occurs simultaneously. Scattered experiments on the tibialis posterior 
indicate that it is a powerful invertor only when the ankle is simultane- 
ously plantar flexed. 

O’Connell proved the lack of a consistent pattern of activity in the two 
main peronei during eversion, sometimes the one showing activity first 
and sometimes the other. Moreover, the lateral part of the soleus 
appeared to become active during eversion while the medial part was 
active during inversion. This suggests a bipartite behavior of that muscle 
which requires further investigation. Arienti (1948) has also suggested 
patterns of activity of different parts of the triceps surae (i.e., gastroc- 
nemius and soleus) during walking on a treadmill rather than unanimity 
of action. (In the upper limb, similar differences occur in the heads of 
biceps brachii (Basmajian and Latif, 1957).) 

O’Connell and Mortensen (1957) reported on the activity of various 
muscles of the leg with the limb elevated. The action of tibialis anterior 
was variable during inversion (which, as seen above, must vary with the 
concurrent dorsiflexion or plantar flexion of the foot). It was strongly 
active during forced eversion, a finding which remains unexplained and 
unconfirmed. One would question this result, except for the knowledge 
of the integrity of the observers. 

Houtz and Walsh (1959) compared the activity of the soleus and 
gastrocnemius in walking and in rising on tiptoes. During the “stance 
phase” of walking, the activity was less in these muscles than in rising on 
tiptoes. In other words, they seem to be stabilizers during walking. 
Apparently, rising up on the toes is not a normal part of the ordinary 
gait; this conclusion threatens the hallowed “push-off” concept of walking 
and might well be correct. Sheffield et al (1956) showed ina simultaneous 
study of leg muscles during walking that the dorsiflexors (tibialis anterior 
and the two long extensors of the toes) act in unison during the swing 
phase, obviously to provide adequate clearance of the ground. Early in 
the stance phase there is a greater burst of activity in them, apparently 
to stabilize the foot on the ground. Sheffield’s group appears to have 
shown that the plantar flexors are stabilizers during the stance phase. 
They also noted a paradoxical activity in soleus (with none in gastroc- 
nemius) during the swing phase. 

Houtz and Fischer (1959) found a surprising amount of activity in 
tibialis anterior during the pedaling of a bicycle. This must be due to the 
stabilizing function since the foot is already forced into dorsiflexion by 
the pedal itself. Gastrocnemius showed considerably less activity than 
tibialis anterior and, predictably, its occurrence was in the exactly op- 
posite phase of pedaling (see Fig. 14.5 on p 318). 

In an elaborate early study of walking, Hirschberg and Nathanson 
(1952) described the patterns of activity in many of the lower limb 
muscles. In individuals, a consistent pattern of activity was found. Only 
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one group, the calf muscles, started to contract in the middle of the 
stance phase, and these were the most active muscles. During the swing 
phase only the anterior tibial group contracted strongly. Frequently, a 
burst of activity occurred in gastrocnemius in the middle of the swing 
phase (see Fig. 14.6 on p 322). Ina brief article, Richter (1966) reported 
similar findings. 


Intrinsic Foot Muscles 


Since the first edition of this book a number of new EMG studies have 
been added to the first report by Basmajian and Bentzon (1954), who 
used needle electrodes in the abductor hallucis, flexor digitorum brevis, 
and abductor digiti minimi in 12 men and 2 women. Generally, there 
was very little activity in these muscles while standing. This was confirmed 
by Mann and Inman (1964). Almost all the abductors of the great toe 
and the short flexors of the toes showed electromyographic silence. A 
quarter of the abductors of the little toe showed no activity while more 
than half showed negligible activity. In several cases there was marked 
activity in abductor hallucis, which was found to be due to “digging in” 
of the great toe. This activity was more or less abolished immediately 
when the subject straightened his toe. 

When the subjects rose on tiptoes, there was a marked activity in the 
intrinsic muscles. This was confirmed in a later study by Oota (1956b). 
In the takeoff stage of walking there was a similar marked activity which 
was confirmed by Sheffield et al (1956) (see also p 258). 

There was no consistent significant relationship between the types of 
feet and the types of activity in any muscle. However, Mann and Inman 
found that the pronated foot requires greater intrinsic muscle activity 
than does the normal foot “to stabilize the transverse tarsal and subtalar 
joints.” 

As suggested before, it now seems to be beyond controversy that 
tibialis anterior, peroneus longus, and the intrinsic muscles of the foot 
play no important active role in the normal static support of the long 
arches of the foot. The results show that these muscles are completely 
inactive electromyographically in many normal individuals while stand- 
ing. Furthermore, when a subject suddenly lowers himself rapidly from 
a raised seated position to a direct relaxed standing position, there is 
little or no appearance of activity. However, voluntary and visible efforts 
to increase the arch of the foot are accompanied by marked activity. 

Mann and Inman (1964) in the excellent detailed study showed that 
the intrinsic muscles of the foot act as a group in many movements, 
especially the abductors of the great and little toes, the flexor hallucis, 
and the flexor digitorum brevis. During walking on the level, they 
become active at or about the 35% mark of the whole walking cycle (Fig. 
14.22). (But activity is earlier with flat-footed subjects.) Activity always 
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ceases just before toe-off. When walking on a downslope, the start of 
activity again is advanced, often occurring from the onset of the cycle 
(as the heel strikes). Mann and Inman relate the activity in intrinsic 
muscles to the progressive supination at the subtalar joint. They believe 
that an important role of the intrinsic muscles is the stabilization of the 
foot during propulsion, acting mainly at the subtalar and transverse 
tarsal joints. The pronated foot requires greater intrinsic muscle activity 
than does the normal foot. Reeser et al (1983) emphasize the combined 
function of the three toe flexors in resisting toe extension during the 
stance phase of locomotion; the abductors “affect the mediolateral dis- 
tribution of pressure by positioning the forefoot” both in posture and 
locomotion. 

Mann and Inman agreed with Basmajian and Bentzon (1954) that 
activity is not needed to support the arches of the fully loaded foot at 
rest. To fully investigate this, experiments were done with loading of the 
static foot while completely removing the factor of posture (Basmajian 
and Stecko, 1963); as noted above (p 341), they were in complete accord, 
as were Reeser et al (1983) more recently. 


Extensors of Toes 


The activities of the extensor brevis of the little and great toes were 
compared by Carvalho et al (1967) with needle electrodes in 20 persons. 
In half the cases the muscles did not act entirely synchronously. During 
walking they did not show a clear pattern. In different subjects the 
recruitment pattern showed different behavior. The extensor digitorum 
brevis was often silent during gait. Carvalho and Vitti (1965) also 
described the EMG of the long extensor of the great toe, which they 
found to be silent in ordinary stance but becoming active when the 
subjects swayed backwards and also during dorsiflexion of the ankle. 


Movements of the Hallux 


The great toe is not just a useless appendix. In human locomotion it 
is the last contact with the ground at takeoff. However, conscious control 
of its functions is usually primitive. Furthermore, hallux valgus (with 
associated bunions) is a major surgical problem blamed on muscle imbal- 
ance. The opposite—hallux varus—also has been the object of surgical 
curiosity and intervention (Thompson, 1960). By implication or direct 
statements, authorities cite the roles of contracture, imbalance, or pre- 
dominance of activity in the adductor hallucis muscle over those in the 
abductor, or vice versa. But no clear experimental proof of muscle 
imbalance exists. Therefore, an EMG investigation was made of 25 
normal persons and 10 patients with “idiopathic” hallux valgus to test 
the hypothesis of muscle imbalance (lida and Basmajian, 1974). The 
muscles that insert at the MP joint of the great toe—abductor hallucis, 
adductor hallucis (both transverse and oblique heads), and flexor hallucis 
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brevis were chosen. Although other muscles also act on the great toe, 
for simplification the inquiry was limited to muscles acting on the MP 
joint of the great toe. The experimental results indicate that the abductor 
force in normal subjects balances the adductor force at the MP joint. 
However, in hallux valgus, while the adductor force is markedly de- 
creased, the abductor force actually falls to nil and so a weak adductor 
force becomes operative. 

In hallux valgus the activity of (1) adductor hallucis is markedly 
decreased in adduction; (2) flexor hallucis brevis is slightly decreased 
only in loading situations; (3) abductor hallucis has completely nil activity 
during abduction; but (4) adductor hallucis and abductor hallucis muscle 
show their strongest activity in flexion. 

The changed patterns of activity can be explained as secondary to the 
following mechanical changes: with bony malalignment, the distance 
between origin and insertion of the intrinsic muscles is increased, so the 
insertion of adductor hallucis moves toward the medioplantar side and 
the tendons of flexor hallucis brevis are displaced laterally; now, they 
will bowstring in the loading situation. As a result, the adductor hallucis 
and flexor hallucis brevis are stretched, with the adductor losing its force 
markedly and the flexor slightly. The tendon of the abductor hallucis 
moves plantarwards in relation to the metatarsal head, and so it com- 
pletely loses its abductor force, instead gaining flexor force. Thus, the 
imbalance is in the direction of adduction. But there also occurs a rotation 
of the proximal phalanx into an inverted position; this is due to imbalance 
caused by the changed function of the abductor muscle, which is dragged 
into the orientation of a flexor. Now the long axis of the first ray is 
shortened by the pull of the adductor force—further enhancing the 
valgus tendency. 


Morphology of Hallux Muscles 


In an unpublished morphological study, J.W. Kerr and J.V. Basmajian 
made the following observations on 22 adult feet dissected with particular 
emphasis on the insertion of the abductor hallucis muscle. 

A great variation in the mode of insertion of the abductor hallucis 
tendon was revealed. In only one of the specimens did the tendon lie on 
the medial border of the foot and insert into the medial side of the base 
of the proximal phalanx in such a fashion as to be an obvious abductor. 

At the other end of the scale, in several specimens the abductor hallucis 
and medial head of the flexor brevis had a common insertion into the 
base of the medial sesamoid, with the abductor tendon lying on the 
plantar aspect of the foot as an obvious flexor. 

Between these two extremes, in some specimens the abductor tendon 
was on the plantar aspect of the foot and, passing over the medial portion 
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of the seasmoid without attachment, it inserted into the base of the 
proximal phalanx. In a quarter of the cases, a slip of insertion was given 
off the lateral side of the abductor to the medial sesamoid before its 
insertion on the phalanx. In another quarter, there was a common slip 
of insertion with the medial head of the short flexor into the sesamoid. 

It was concluded that in about one-fifth of specimens the abductor 
hallucis was so placed as to be capable of true abduction. In most, the 
abductor must have acted at the metatarsophalangeal joint to flex the 
great toe. The abductor hallucis was always closely attached to the capsule 
of the metatarsophalangeal joint as it crossed it. 

Great variation in the attachment of the medial head of the flexor 
brevis to the abductor tendon was found. In every case, there was an 
attachment between the two muscles proximal to the sesamoid. The 
insertion of the medial head of the short flexor was always into the 
ventral surface of the abductor hallucis tendon. 


The Plantar Reflex 


Landau and Clare (1959) analyzed the normal and abnormal plantar 
reflex (Babinski sign) electromyographically. The flexor response shows 
variable patterns of muscle contraction, while the abnormal extensor 
response shows both hyperexcitability and stereotypy. The unique fea- 
ture of the abnormal extensor response is the recruitment of anterior 
crural muscles—extensor hallucis longus, tibialis anterior, and extensor 
digitorum longus. Then there is an actual mechanical competition be- 
tween the flexors and extensors of the great toe, and it is the latter that 
triumph. If, perchance, the extensors are weak or denervated, flexion 
occurs when the Babinski extensor sign would be expected. Thus Landau 
and Clare concluded that the extensor reflex is really just a hyperactive 
flexor response with radiation to the extensors which, proving stronger 
as a rule, produce extension of the great toe. However, caution must be 
exercised in accepting this conclusion, for Grimby (1963b) has shown 
that the plantar response is a complex phenomenon and not a simple 
reflex. It depends to a great deal on the exact area of skin stimulated 
(Grimby, 1963a; Engberg, 1964). While not disagreeing with this point 
of Grimby’s, van Gijn (1975, 1976) more emphatically agrees with 
Landau and Clare and greatly stresses the powerful EMG reaction of 
extensor hallucis longus during the Babinski response. 


CHAPTER 15 


Back 


The muscle masses filling the space between transverse and spinous 
processes on both sides of the vertebral column are known as the deep, 
oblique, or transversospinal muscle groups. Commonly they comprise 
(from superficial to deep): the semispinales, the multifidi, and the rota- 
tores muscles. Generally these are not considered to be part of the 
erector spinae. The superficial muscles of the transversospinal tract are 
accepted as the semispinales in the neck and thoracic region. Multifidi 
exist deep to the semispinales but are superficial in the lumbar area, 
where there is no semispinalis. The next layer, the rotatores, are 11 pairs 
of small muscles of the thorax deep to the multifidi, best seen in the 
thoracic region. 

Although others have studied the intrinsic muscles of the back, the 
pioneers in this field were Floyd (a physiologist) and Silver (an anatomist) 
of Middlesex Hospital Medical School in London. During the 1950s 
these two investigators broadened our understanding of the erector 
spinae, and this chapter continues to lean heavily on their reports. 
Further detailed studies are still called for because the regional or local 
differences in the structure and function of the many muscles in this 
group must be explained. Furthermore, clinical conditions exist—includ- 
ing low back pain and scoliosis—that demand clarification. 

The tentative effort of Riddle and Roaf (1955) was a step in the right 
direction. However, their conclusion that deep rotator muscle paralysis 
is the cause of idiopathic scoliosis cannot be substantiated by their 
published findings, although it may well be the truth (Basmajian, 1955b). 
Zuk (1960, 1962a, 1962b) of Warsaw demonstrated increased muscular 
activity on the convex side of the scoliotic curve. He believed it to be a 
secondary reaction of the body in an attempt to compensate for the 
curvature, the cause of which he blamed on “muscle imbalance.” His 
series of patients examined electrically numbered some 250. 

Hoogmartens and Basmajian (1976), ina 1972 research effort together 
in Atlanta, employed computer analysis of vibration-induced electro- 
myography with 24 members of scoliosis families who had some measur- 
able degree of scoliosis. Their hypothesis was that a concave-sided 
hypersensitivity of muscle spindles is responsible for idiopathic scoliosis. 
Since spindles are sensitive to vibration, they induced a response bilat- 
erally in the back muscles. Of 23 thoracic curves, 15 showed vibration 
hypersensitivity of the spindle system on the concave side and 5 on the 
convex side. These results have been replicated and expanded by Tron- | 
telj et al (1977). | 
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Horn (1969) and Redford et al (1969) and Alexander and Season 
(1978) also have made valuable contributions to the electromyography 
of scoliosis, while various authors have published clinical papers that 
reflect some light on spinal function (Pauly and Steele, 1966; Yamaji and 
Misu, 1968; Thomas, 1969). 

Turning to the EMG studies of the normal back, one must note the 
early work of Lewer Allen (1948) in South Africa. He reported a study 
with the emphasis on erector spinae, and his chief conclusion was that 
the erector spinae is active during forward flexion of the vertebral 
column. Therefore, one main function is to control “paying out,” which, 
indeed, is as important as the function of extension (Fig. 15.1). 

In very rapid flexion, little or no activity is required or in fact appears. 
As the slowly flexing trunk is lowered, the activity in erector spinae 
increases apace and then decreases to quiescence when full flexion is 
reached. If an attempt is made then to force flexion further, silence 
continues to prevail in the erector. In full flexion, then, the weight of 
the torso is borne by the posterior ligaments and fasciae—the posterior 
common ligament, the ligamentum flavum, the interspinous ligaments, 
and the thick dorsal aponeurosis. The erector spinae again comes into 
action when the trunk is raised once more to the erect position. 

In standing erect, Lewer Allen believed that activity in the erector 
spinae is not required, except for forced extension. He seems to have 
concluded in this admittedly early and not completely elegant study that 
no activity in the erector spinae results during extension, except with 
added resistance. This is a dubious conclusion. 

Soon after, Floyd and Silver (1950) confirmed the main finding of 
Lewer Allen. They pointed out that Fick (1911), without the benefits of 
EMG, had hypothesized the complete relaxation of the erector spinae in 
full flexion of the spine. Their experiments were, on the whole, more 
elegant than any others done on the back in the 1950s. With multiple 
surface electrodes on the skin over the muscle at the levels of T)o and 
Tie and Ly and L4 and the added use of needle electrodes for confir- 
mation, they were able to show the activity of multifidus as well as erector 
spinae (Fig. 15.2). 

Their findings showed that in the initial stages of flexion of the trunk 
in bending forward, the movement is controlled by the intrinsic muscles 
of the back. They agreed with Lewer Allen that the ligaments take over 
and were quite sufficient in the fully flexed position. 

They also showed that the position of full flexion while seated (usually 
considered by school teachers as a “bad” posture) is maintained comfort- 
ably for long periods and that during this time erector spinae remains 
relaxed. Quite correctly, they warned against jumping to conclusions, 
pointing out that “certain people experience backache if they sit in the 
fully flexed position for a sufficient time—e.g., patients sitting in bed 
with only the thoracic part of the vertebral column supported, motor- 
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Figure 15.2. EMG records of flexion-relaxation of erectores spinae. Recorded 
with needle electrodes at depths of 1, 2, 3, and 4 cm, at the level of L; vertebra. 
Similar EMG signals were obtained at all depths. (From W.F. Floyd and P.H.S. 
Silver, © 1955, Journal of Physiology.) 


car drivers, etc.” Floyd and Silver suggested, perhaps too cautiously in 
the light of our present knowledge, that a reflex inhibitory mechanism 
explains the complete relaxation of erector spinae in full flexion. Finally, 
they suggested that this relaxation of the muscle and the dependence on 
the ligaments, including the intervertebral disc, had implicit dangers, 
including injuries to the disc. 

In a later extensive series of investigations, Floyd and Silver (1955) 
examined the function of the erector spinae in certain postures and 
movements and during weight-lifting. They used both surface and con- 
firmatory needle electrodes for the thoracolumbar parts. of the erector 
spinae. Posture was recorded by photography, direct measurements, and 
radiography. 

Most subjects standing in a relaxed erect posture showed a “low level 
of discharge” in the erector spinae. Small adjustments of the position of 
the head, shoulders, or hands could be made which would abolish the 
activity of the muscle, i.e., an equilibrium or balance could be achieved. 

From the easy upright posture, Floyd and Silver found that extension 
(hyperextension) of the trunk is initiated, as a rule, by a short burst of 
activity. Their findings during flexion of the trunk were described before 
(see p 260 and Fig. 11.5). 

While standing upright, flexion of the trunk to one side is accompanied 
by activity of the erector spinae of the opposite side, i.e., the muscle is 
not a prime mover but an “antagonist.” However, if the back is already 
arched in extension (hyperextension), not even this sort of activity occurs. 

Floyd and Silver state that erectores spinae contract (apparently vig- 
orously) during coughing and straining. This occurs even in the midst 
of their normal silence, whether the subject is erect or “full-flexed.” The 
clinical implications of this last observation have not been, from our 
point of view, adequately explored by orthopedic specialists. 
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With the subject standing, the activity in erector spinae ceases earlier 
during forward bending than it does when he is seated. In some patients 
they found complete relaxation in the sitting but not the standing 
posture. 

Finally, Floyd and Silver reported that the erector spinae remained 
relaxed during the initial movement of lifting weights of up to 56 Ibs 
(28.5 kg). They proved that it is movement at the hip joint that accounts 
for the earliest phase of apparent extension of the trunk. However, the 
ligaments of the back were required to carry the added weight without 
help from the adjacent muscles (Fig. 15.3). 

The studies on the erector spinae of Akerblom (1948), Portnoy and 
Morin (1956), and Joseph and McColl (reported by Joseph in his book 
Man’s Posture, 1960), are especially concerned with posture and are 
discussed in thatchapter on p 260. In essence they agree with Floyd and 
Silver. 

In 1958, Friedebold of Berlin reported a study on the mode of action 
of erector spinae in a series of women who carried out a series of 
movements and postures of the trunk. In addition to confirming in 
general the earlier studies, this report enlarged upon the activity during 
lateral flexion. Most impressive is the recording of activity from both 
right and left erectores during bending to either side, although there 
seems to be a pattern of cooperative activity and not a simple simulta- 
neous antagonism (Fig. 15.4). 

A new dimension in the EMG of intrinsic muscles of the back was 
added by Morris et al (1962) and Waters and Morris (1972) of San 
Francisco. They investigated the activity of different layers and parts of 
the spinal musculature—iliocostalis in the thoracic and lumbar parts, 
longissimus and rotatores in the region of the 9th and 10th ribs, and 
multifidus abreast of the 5th lumbar spine. 

During the performance of various trunk movements, muscles showed 
patterns of activity that clearly showed two functions—sometimes they 
initiate movement and at other times they stabilize the trunk. Almost all 
the movements recruit all the muscles of the back in a variety of patterns, 
although the predominance of certain muscles is also obvious. 

In compound movements, when subjects are not trying to relax, there 
is constantly more activity than when the movement is carried out 
deliberately and with conscious effort to avoid unnecessary activity of 
muscles. Complete relaxation and lower levels of contraction are the 
“ideal” rather than the rule for normal bending movements. Morris et 
al found that muscles that might be expected to return the spine to the 
vertical position often remain quiet; they suggest that such factors as 
ligaments and passive muscle elasticity play an important role. 

During easy standing, longissimus is slightly to moderately active; it can 
be relaxed by gentle (“relaxed”) extension of the spine. During forced 
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Figure 15.3. EMG records of erectores spinae during weight-lifting. Left and 
right sides at levels L, to L3 and L; to L4, with corresponding photographs. The 
subject lifted a 28-Ib weight from the ground without activity in erectores spinae 
until the trunk reached a position intermediate between those shown in photo- 
graphs. (From W.F. Floyd and P.H.S. Silver, © 1955, Journal of Physiology.) 
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Figure 15.4. EMG records of right and left erectores spinae during lateral 
bending. /, upper lumbar region; //, middle lumbar region; //I, corresponding 
points at both levels reciprocally. (Surface electrodes used, but are not shown.) 
(From G. Friedebold, © 1958, Zeitschrift fuer Orthopaedie und ihre Grenzgebiete.) 


full extension, flexion, lateral flexion and rotation in different positions 
of the trunk, it is almost always prominently active. 

A position of complete silence is easily found for iliocostalis in the erect 
position, but with slight forward swaying activity is instantly recruited. 
Forward flexion and rotation in the flexed position bring out its strongest 
contractions, but it is also fairly active in most movements of the spine. 

Multifidus and rotatores have rather similar but not identical activity. 
With movements in the sagittal plane, they are active as they also are in 
contralateral rotary movements. Yet, like all the other muscles, these too 
relax almost completely during full flexion, leaving the trunk practically 
hanging on its ligaments. 

Pauly (1966) conducted a systematic exploration of the intrinsic muscle 
of the spinal column during various exercises widely advocated for 
physical fitness. At the same time he clearly confirmed the earlier studies 
of the back and revealed new aspects of the normal functioning of these 
muscles. Unlike some earlier workers, he finds that semispinalis capitis 
and cervicis apparently help to support the head by continuous activity 
during upright posture. 


BACK 361 


In almost all vigorous exercises performed from the orthograde posi- 
tion, Pauly finds that the most active muscle is spinalis; next in order is 
longissimus, and least active is iliocostalis lumborum. Nevertheless all 
three muscles and the main mass of erector spinae act powerfully during 
strong arching of the back in the prone posture. During push-ups, there 
is considerable individual variation but, typically, the lower back muscles 
remain relaxed. 

Simple side-bending exercises of the trunk do not recruit erector 
spinae as long as there is no concomitant backward or forward bending. 
This clearly refutes earlier opinions whose authors had ignored move- 
ments in the ventrodorsal plane that do involve erector spinae. Much of 
this work has been confirmed by Jonsson (1970), and the technique has 
been adopted for ergonomics by Tichauer (1971). 


DEEP MUSCLES 


Donisch and Basmaiian (1972) tried to clarify the following question: 
what can one find out about the deep muscles close to the vertebral 
column by examining them bilaterally at different levels? Although it 
might have been interesting to duplicate the experimental conditions of 
the previous investigators, present-day regulations, improved equipment, 
and a different population of subjects ruled against a simple replication. 

The deep layers of the transversospinal back muscles were studied in 
25 healthy human subjects. Bipolar wire electrodes were inserted bilat- 
erally at the level of the sixth thoracic and the third lumbar spinous 
processes. Activity was registered simultaneously in sitting and standing, 
and during movements while in these positions. The same muscle group 
displayed different patterns of activity in the thoracic, as compared to 
the lumbar level. Variations in the pattern of activity during forward 
flexion, extension, and axial rotation suggest that the transversospinal 
muscles adjust the motion between individual vertebrae. The experi- 
mental evidence confirms the anatomical hypothesis that the multifidi 
are stabilizers rather than prime movers of the whole vertebral column. 

Because of the complexity of the intervertebral joint mechanism and 
the impossibility of efficiently preventing motion between individual 
vertebrae, actual free movements, rather than resisted ones, were stud- 
ied—even at risk of electrode displacement. While it was the purpose of 
this investigation to learn about the functions of these muscles during 
postures and movement, the interpretation of electrical activity presented 
some difficulties. Did a muscle showing activity produce the movement, 
prevent the movement, or was it contracting isometrically? Therefore 
emphasis was placed on the occurrence of electrical silence, knowing that 
the muscle tested was not taking part in the movement under observation. 
Decreasing or increasing activity during a movement also seemed to be 
functionally more important than unchanging activity. 
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Andersson et al (1977), in their efforts to relate paravertebral muscle 
function to disc pressures, found that the amplitude of the EMG signal 
and pressure increased both with angles of forward flexion and with 
increasing static loads in flexion. During asymmetric loading, pressure 
values and myoelectric activity increased, being greater on the contralat- 
eral side of the lumbar region and ipsilateral side of the thoracic region. 
The disc pressure, intra-abdominal pressure, and semi-integrated recti- 
fied EMG signal were higher throughout when the trunk was loaded in 
rotation, rather than in lateral flexion. 


Changes in the Lumbar Curvatures During Sitting and Standing 

In most subjects of the Donisch-Basmajian series, the lumbar muscles 
were inactive during relaxed sitting but showed some activity in straight 
sitting and in the standing posture. This finding is in agreement with the 
results of most other workers, including Eastman and Kamon (1976) and 
Andersson et al (1975). This last very productive group in Goteborg, 
Sweden, found that disc pressure and myoelectric activity change to- 
gether (as noted above). When the back of a seated subject is supported, 
levels of both pressure and EMG signal fall. They also confirmed that 
intramuscular wire electrodes are superior to surface electrodes in the 
study of intrinsic back muscles (Andersson et al, 1974, 1977). 


Forward Flexion in Sitting and Standing Positions 


As noted before, Floyd and Silver (1951) first showed that the back 
muscles became electromyographically inactive at a critical point during 
extreme flexion. Morris et al (1962) found that flexion-relaxation can 
occur, but they felt that in normal bending movements the back muscles 
remained frequently active. Donisch and Basmajian found spontaneous 
electrical silence of the lumbar muscles in extreme flexion in most 
subjects, but only half of them showed spontaneous inactivity of their 
thoracic muscles in both seated and standing postures. 

During the Valsalva maneuver with increased intrathoracic and ab- 
dominal pressure while holding a sandbag of 11.25 kg, all thoracic and 
a number of lumbar muscles showed activity instead of electrical silence. 
This might be explained partly by the fact that most subjects were no 
longer in extreme flexion and might have reached the “critical point” of 
activity. 

Extension from the Flexed to the Upright Posture 


While inactivity of the back muscles during the last stage of flexion 
can be explained in that the muscles are no longer needed and ligaments 
are holding the vertebral column, there is no explanation of why these 
muscles do not always become active immediately when extension is 
begun. Instead, there frequently are short “bursts” of activity that occur 
(especially in the lumbar region) when the movement of extension is half 
completed. It therefore appears that in most persons the lumbar trans- 
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versospinal muscles do not initiate extension from the fully flexed posi- 
tion. 

Lifting weights with different mechanical advantages seemed to indicate 
that in most instances more energy is used in the lumbar and thoracic 
back muscles when the object lifted cannot be brought close to the line 
of gravity of the subject. Pauly (1966) and other investigators also noticed 
increased activity of the back muscles when the center of gravity was 
shifted forward. 

Kumar’s study (1980) clarified some of the physiological responses to 
weight lifting. A weight of 10 kg was lifted by 11 normal male volunteers 
(mean age 34.2 years) from ground to knee, hip, and shoulder levels in 
the sagittal, lateral, and oblique planes. During these lifting maneuvers, 
intra-abdominal pressure was measured by telemetry, and the activity of 
erector spinae and external obliques were recorded by electromyogra- 
phy. The values obtained for peak and sustained intra-abdominal pres- 
sure and the averaged electromyographic activities of erectores spinae 
and external obliques were subjected to analysis of variance and corre- 
lation analysis. A significant difference between the responses in these 
three planes was found: the sagittal plane activities evoke least response. 
Intra-abdominal pressures, erector spinae activity, and external oblique 
activity were highly significantly correlated in each of the three planes. 


Axial Trunk Rotation 


In the Donisch-Basmajian experiment less than half of the examined 
subjects showed this expected activity of the transversospinal muscles of 
the thoracic region, whereas more than half of our subjects showed the 
expected activity in the lumbar region. This finding is somewhat sur- 
prising considering that most of the actual rotatory movement occurs in 
the thoracic region. Paradoxical activity of the deep muscles was found 
in five subjects at the thoracic and in three persons at the lumbar level. 
Morris et al (1962) also occasionally found activity of the rotatores and 
multifidi during ipsilateral rotation. These workers further stated that 
little activity was seen when their subjects returned to the original 
position. 

All subjects showed bilateral activity in the thoracic level (Donisch and 
Basmajian); in more than half this activity did not appear to be related 
to the direction of rotatory movement (Fig. 15.5). In the lumbar region 
the muscular activity seemed more often to support the theory of rotatory 
function. On the other hand, the position of articular facets in relation 
to the direction of muscle pull casts doubt on the anatomical feasibility 
of such a function. 

Perhaps the designation of specific function is almost impossible in the 
back, where we have a complex arrangement of muscle bundles acting 
on a multitude of equally complex joints. Those who insist on finding 
prime movers, antagonists, and synergists in the genuine musculature of 
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EXPECTED ACTIVITY RESULTS (Average ) 


Figure 15.5. EMG activity of deep back muscles during rotation. (From E.W. 
Donisch and J.V.Basmajian, 1972, American Journal of Anatomy.) 


the back will be always disappointed. For example, in their wire-electrode 
study of the intrinsic muscles, the Tokyo orthopedics team of lida et al 
(1976) were unable to provide validation for reeducation exercises widely 
advocated and used in France (Piette, 1974). Rather than abandon the 
exercises, they suggested that the transversospinal muscles are stabilizers 
and that this function is important. 


Standing 


Joseph (1960) found continuous activity of the back muscles in the 
lower thoracic region during standing. He concluded that the activity of 
these muscles depended on their relation to the line of gravity. The 
segments of the vertebral column located further posterior to the line of 
gravity had the tendency to fall forward, a movement that was counter- 
acted by the back muscles. Pauly’s (1966) results were similar. In his 
experience the spinalis muscle showed more activity during the ortho- 
grade position than the erector spinae muscles at lower and more lateral 
levels. Donisch and Basmajian found this greater activity of the thoracic 
transversospinal muscles not only in the orthograde posture but also 
frequently during other postures. The thoracic muscles showed a greater 
tendency to remain active, while the lumbar muscles acted with “bursts” 
of electrical potentials. 

Both Joseph (1963) and Pauly (1966) stated that some muscles appar- 
ently contracted unnecessarily. These contractions were more often seen 
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in women and untrained men. We found the same tendency in our 
subjects. 


Asymmetry 


There are some differences in activity of the transversospinal muscles 
at the same levels. This asymmetrical activity occurred during quiet 
sitting and standing but was also noted with movements in the sagittal 
plane. Jonsson (1970, 1973) explained these differences of electrical 
activity by asymmetrical posture. 

Wolf and Basmajian (1980) and Wolf et al. (1979) assembled and 
analyzed quantified data correlating normal back movements with the 
EMG activity in 121 adult subjects who reported no history of low back 
discomfort. EMG records were obtained from vertical pairs of surface 
electrodes placed bilaterally 3 cm from the midline at the L3.4 and L45 
levels. Recordings were made of a range of possible movements while 
standing and sitting (with the pelvis stabilized). 
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Figure 15.6. Mobility measurements for the first 66 (of the total 121) normal 
subjects. Mean values are expressed for (A: straight leg raising (SLR) in the supine 
position (A), Lateral bending (B), and trunk rotation in the standing position (C), 
change in vertebral length between cervical 7 and sacral 1 during maximal trunk 
flexion in the standing position (D). Changes in vertebral length were signifiantly 
greater for males. SDp, standard deviation (right side); SD,, standard deviation 
(left side). 
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The range for bilateral movements and trunk flexion is shown in 
Figure 15.6. Differences in left- and right-sided mobility are minimal 
and, as expected, men showed a significantly greater excursion in ver- 
tebral separation during complete trunk flexion (Fig. 15.6D). 

Quantified EMG activity was averaged by gender for each age group 
at each of the four electrode pair combinations. Significantly greater 
activity occurred during extension from the flexed trunk position than 
vice versa for each electrode pairing. For rotational movements in the 
standing or sitting postures, greater activity was seen during rotation 
contralateral to the location of a unilaterally placed electrode pair. The 
magnitude of this activity level was not significantly greater for male or 
female subjects. 

During stooping or squatting movements, males demonstrated signifi- 
cantly greater activity than females for recordings at all electrode place- 
ments, except the lower bilateral pair. 

All results in relation to the mechanical advantage, center and line of 
gravity, and the possible axis of movement confirm the idea that the 
transversospinal muscles act as dynamic ligaments (MacConaill and Bas- 
majian, (1969). These adjust small movements between individual ver- 
tebrae, while movements of the vertebral column probably are per- 
formed by muscles with better leverage and mechanical advantage (for 
details, see Donisch and Basmajian, 1972). 


CONCLUSIONS 


This chapter will be ended by emphasizing what must have become 
apparent to the informed reader. Electromyography has a great deal of 
practical value in this area and, aside from some general—but impor- 
tant—observations recorded above, much remains to be learned by this 
technique, especially about the fine functioning of various areas and 
depths of the intrinsic muscles of the back. 


CHAPTER 16 


Human Locomotion 


Of all the electromyography done in recent years, studies on locomo- 
tion give the greatest promise of practical application. Yet, the sad fact 
is that such application is slow in coming. At least one reason for this 
delay is a lack of synthesis of the various findings. These remain relatively 
isolated and therefore meaningless to those who might use the informa- 
tion. This chapter will be devoted to an attempt at such a synthesis. 
Taken with the foregoing chapters on posture, limbs, and back, it gathers 
in one place all that appears to be significant on the use of EMG in 
studies of normal human locomotion. Locomotion and gait are not 
synonymous, but relatively little EMG research has gone beyond simple 
walking. Yet, the title of this chapter remains what it is in the hope that 
it will act as a goad for new investigations, especially clinical ones (e.g., 
Burdet et al, 1979; Berger et al, 1982). 

The neurophysiology of locomotor automatism of terrestrial animals 
is extensively considered in a review by Shik and Orlovsky (1976). In 
general, many of the most important mechanisms—cortical, subthalamic, 
midbrain, spinal, and peripheral afferent—are still confusing or obscure. 
Cohen and Gans (1975) revealed both constancies and variations in the 
limb-muscle EMG activity in rats; however, temporal relationships be- 
tween the onset of activity in specific muscles and the gait cycle are 
remarkably constant. In view of some similarities to human gait among 
the apes, readers may wish to refer to our papers—Ishida et al (1974), 
Tuttle and Basmajian (1976), and Tuttle et al (1975). 


LOWER LIMB IN GAIT 


Although movements of the trunk and upper limb play a role in 
normal walking (and will be discussed at the end of the chapter), the 
activity of the lower limbs evokes the greatest interest. In study after 
study, Basmajian and his colleagues have noted that walking elicits very 
slight activity in the thigh and leg muscles, compared to voluntary free 
movements. This has been remarked on by others also (e.g., Koczocik- 
Przedpelska et al, 1966). 

A number of laboratories have devoted many years of study to the 
movements of the joints and accompanying muscular activity. Prominent 
among them was the Biomechanics Laboratory in the University of 
California at San Francisco, which conducted a long series of studies, 
first reported in 1944. The early investigations there dealt with the 
problems of amputees, and their work remains unique. Normal body 
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mechanics and gait have occupied a greater part of the Laboratory’s 
time. Particularly useful, but outside the scope of the present review, are 
other California studies on the energy cost of various types of gait 
(reviewed by Ralston (1964) and added to by Delhez et al, (1969)). The 
EMG studies of Liberson and the biomechanical studies of Elftman are 
also especially important and will be drawn upon below. 

In any study of gait, electromyography by itself would be of limited 
value. If quantitative evaluations are to be made, they must be supple- 
mented with other biomechanical techniques. Photographic methods, 
particularly high-frequency cinematography, have been used since the 
classic studies of Muybridge (1887). Marey (1885) in France, Braune and 
Fischer (1895) in Germany, and Bernstein (1935, 1940) in Russia all 
greatly improved the techniques of photographic cyclograms. Liberson 
(1936) was the first to combine these methods with electronic acceler- 
ometers while Schwartz et al (1936) introduced the recording of contacts 
of various parts of the foot with the ground (with an instrument called 
an electrobasograph). This later led to the use of walking on force-plates 
in which multiple, electronic, force, and displacement transducers are 
incorporated. The latter technique has been used intensively in several 
centers, but its expensiveness in equipment and time has proved forbid- 
ding for most laboratories. Nevertheless, Carls66 (1962, 1973) and 
Carlsoo and Skoglund (1969) designed a fairly simple apparatus, as did 
the group at Purdue University (Ismail et al, 1965). Magora and his team 
(1970) at Hadassah University Hospital in Jerusalem and Grundy et al 
(1975) in Manchester also developed excellent apparatus. 

A number of investigators have explored the use of telemetering for 
gait studies (Joseph, 1968; Rainaut, 1971). Rainaut has also described a 
workable pneumographic foot switch. Brandell et al (1968) developed a 
miniaturized portable EMG tape recorder device which is carried by 
running subjects and free of all external connections. Winter and Quan- 
bury (1975) and Dubo et al (1975) described an excellent working 
technique developed by a large team of workers in Winnipeg, Manitoba, 
led until the mid-70’s by David A. Winter, now of the University of 
Waterloo in Ontario. Much of their work employed multifactorial com- 
puter analysis (see below). In Italy, the work of telemetering by Casarin 
et al (1974) and Pedotti (1977) is worthy of note. 

Accelerometers appear to offer additional useful and tidy results when 
combined with multichannel EMG techniques. While early experience 
tended to confirm this, difficulties in calibration and jiggling of the 
transducers on the subjects led away from these devices. Liberson and 
his colleagues (1962, 1965) of Chicago (now in Miami) and Smidt’s group 
at Iowa University (Smidt et al, 1971; Smidt, 1974) have the longest and 
most fruitful experience with accelerographs applied to gait. In vivo 
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recording of tendon strain during walking has been reported in sheep 
by Kear and Smith (1975); some day it may be applicable to man. 

The results of the San Francisco studies led Saunders et al (1953) to 
define the six major determinants of human gait as: (1) pelvic rotation; 
(2) pelvic tilt; (3) knee flexion; (4) hip flexion; (5) knee and ankle 
interaction; and (6) lateral pelvic displacement. Actually, the phenome- 
non of walking is much more complex; yet, these are the components 
that provide the unifying principles. Locomotion is “the translation of 
the center of gravity through space along a path requiring the least 
expenditure of energy.” Pathological gait “may be viewed as an attempt 
to preserve as low a level of energy consumption as possible by exagera- 
tions of the motions at the unaffected levels.” When a person loses one 
determinant from the above six, compensation is reasonably effective. 
Loss of the determinant at the knee proves the most costly, according to 
Saunders et al. Loss of two determinants makes effective compensation 
impossible; the cost in terms of energy consumption triples and appar- 
ently discourages the patient to the point of his admitting defeat. 


MULTIFACTORIAL ANALYSIS WITH COMPUTER 


The use of computer analysis for gait has gained easy acceptance as 
improved techniques of pattern recognition developed in many research 
centers; its use with indwelling wire electrodes was first reported from 
the National Research Council of Canada in Ottawa (Milner et al, 1971); 
Kasvand et al, 1971). Those studies were designed to provide some 
insight into the precise timing of vastus lateralis, the long head of biceps 
femoris (the lateral hamstring), tibialis anterior, and lateral gastrocne- 
mius in the course of normal walking. There were two sets of experi- 
mental conditions: (1) level walking at various speeds in the range of 2.2 
to 7.5 ft/s (0.67 to 2.28 m/s); and (2) level walking at a speed nominally 
fixed at 4.5 (1.37 m/s) but with pace periods set by metronome beats in 
the range of 0.2 to 0.8 beats/s. Are average EMG values dependent, as 
suggested by Eberhart et al (1954), upon walking speed and pace fre- 
quency? 

EMG signals from indwelling electrodes and footswitch data, together 
with other control signals (including footswitches) to facilitate automatic 
processing of the data, were collected on five channels of a seven-channel 
FM tape recorder. The tape was input to the A/D converters of an SDS 
920 computer via signal conditioners. A series of computer programs 
enabled the automatic processing of the data, which were first digitized. 
Next, the footswitch timing characteristics were analyzed, and averages 
were obtained. Using these analyzed data, the EMG data were subdi- 
vided, and a mean wave form for each muscle at each step was computed, 
as well as various data output in typewritten and graphic form. From the 
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processed data average EMG characterstics were plotted as functions of 
speed and pace periods; phasic activities for these various conditions 
were plotted for six normal adult male subjects. 

For details, see our lengthy study (Milner et al, 1971), with its many 
illustrations. Only the highlights are given here. The average EMG 
activity in each of the several muscles showed clearly that there is a 
strong dependence in each instance of the EMG values upon speed. 
Perhaps the most interesting result was exhibition of a minimal value of 
activity in tibialis anterior. Since EMG amplitude might be interpreted 
as a measure of muscular energy, it was concluded that a minimal energy 
condition can be found for most subjects in the range of 3 to 5 ft/s (0.9 
to 1.5 m/s). A generalization about comfortable, optimal walking speeds 
seems probable when the EMG-speed characteristics of the other muscle 
groups are examined in this speed range. The most comfortable walking 
speed lies close to 3 ft/s (0.9 m/s) to minimize “energy consumption” 
and permit a reasonable propulsion speed. The “energy cost” would 
appear to increase considerably as speeds in excess of 6 ft/s (1.8 m/s) are 
attained, at least under experimental conditions. 

When a subject is permitted to walk without the imposition of a pace 
frequency constraint, he selects a walking pace for the set speed in such 
a manner as to allow a minimum of muscular activity. During the course 
of such a walk, random variations in EMG activity seem to be more 
marked. This gives an indication of some measure of ongoing adaptive 
control. The technique of averaging records was designed primarily to 
eliminate the differences between successive steps and to determine a 
meaningful average value (Milner et al, 1971). 

More recent studies have polished up those findings and extended 
them (Bajd et al, 1974; Richards and Knutsson, 1974; Wait et al, 1974; 
Winter et al, 1974; Cheng et al, 1974; Cappozzo et al, 1975; van der 
Straaten et al, 1975; Kasvand et al, 1976; Hershler and Milner, 1976; 
Takebe and Basmajian, 1976). Pearson (1976) drew special attention to 
studies of neural mechanisms in his semipopular article in Scientific 
American. 


PHASES IN WALKING CYCLE 


Traditionally, human gait is composed of two phases: (1) stance, 
beginning when the heel strikes the ground; and (2) swing, beginning 
with toeing-off. The fairly precise division of the whole cycle into 10% 
segments is illustrated in Figure 16.1 Carlsoo (1966) showed that the 
initiation of walking from a stance posture consists of the body losing its 
balance as a result of cessation of activity in postural muscles (including 
erector spinae and certain thigh and leg muscles). The various torques 
of the body weight displace the line of gravity, first laterally and dorsally, 
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Figure 16.1. Normal walking: knee and ankle moments (in foot-pounds) com- 
pared with muscular activity during one cycle of walking (right heel to right heel 
contact) on level ground. (From C.W. Radcliffe, ©1962, Artificial Limbs). 


then ventrally, to a position in which the propulsive muscles are able to 
contribute to and complete the first step. 

Radcliffe’s (1962) diagram (Fig. 16.1) illustrates the interaction be- 
tween the knee and ankle joints and the phasic action of the major muscle 
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groups recorded electromyographically. (The terms “knee moment” and 
“ankle moment” refer to the action of muscles about the knee or ankle 
which tend to change the angle of these joints towards either flexion or 
extension.) 

In Figure 16.1, one should not miss the following features: 


1. As the heel strikes the ground the hamstrings and pretibial muscles 
reach their peak of activity. 

2. Thereafter, the quadriceps increases in activity as the torso is 
carried forward over the limb, apparently in maintaining knee stability. 

3. At heel-off the calf group of muscles build up to a crescendo of 
activity which ceases with the toe-off. Before and during toe-off, the 
quadriceps and sometimes the hamstrings reach another (but smaller) 
peak of activity. 

4. The pretibial muscles maintain some activity all through the cycle, 
rising to a peak at heel-contact and a smaller peak at toe-off. This has 
been often confirmed (e.g., by Dubo et al, 1976). 


The complex phasing of these normal actions led the San Francisco 
investigators to studies of amputees and prostheses (Radcliffe, 1962). 
Similar work on the muscle functions in lower amputees was pursued in 
Poland under the direction of J. Tomaszewska (1964) of Poznan, and M. 
Weiss (1959, 1966) of Warsaw. There is little doubt that all such work 
will continue to stimulate improvements in prosthetic appliances of both 
the conventional and myoelectrically controlled types. 

In a sober review, Elftman (1966), a pioneer in the multifactorial 
approach for the study of gait, gave the apt warning that EMG requires 
the addition of other criteria for the monitoring of tension in noniso- 
metric contractions. Studies of the calf and foot during walking have in 
the past two decades employed such adjuncts with notable success. 
Eberhart et al (1954) showed that the function of the calf muscles during 
walking is limited to the push-off. They lift the body against gravity on 
the forepart of the foot. 

Radcliffe (1962) postulated that during the stance phase the stabilizing 
function of the ankle plantar flexors at the knee is most important. This 
was confirmed by Sutherland (1966) by means of combined EMG tech- 
niques and motion pictures of gait. The period of activity in the calf 
muscles and of knee extension and dorsiflexion of the foot corresponded. 
Only at the end of plantar flexion of the ankle did plantar flexion of the 
foot occur. A bizarre finding was that knee extension occurred after 
quadriceps activity had ceased. This is related to the fact that full 
extension of the knee never occurs during walking in the way that it 
does in standing (Murray et al, 1964). 

Sutherland believes that knee extension in the stance phase is brought 
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about by the force of the plantar flexors of the ankle resisting the 
dorsiflexion of the ankle; this dorsiflexion is in turn the resultant of 
extrinsic forces—kinetic forces, gravity, and the reaction of the floor. 
Because the resultant of extrinsic forces proves to be greater, increased 
dorsiflexion of the foot continues until heel-off begins. The restraining 
function of the ankle plantar flexors in decelerating forward rotation of 
the tibia on the talus proves to be the key to their stabilizing action. 

Using similar techniques, Houtz and Fischer (1961) had earlier pro- 
duced evidence that a movement of the torso and hip region that shifts 
their position over the feet initiates the movements of each foot during 
walking. Movements initiated in the trunk lead automatically to changes 
in the position of the leg and foot. Houtz and Walsh (1959), by showing 
that soleus functions to stabilize and adjust the tibia on the talus, gave 
additional evidence for the view that movements of the ankle during 
walking occur as a reaction to muscular forces far removed from the 
foot (p 348). 

Liberson (1965b), combining the techniques of motion picture pho- 
tography, accelerograms, electrogoniograms, myograms, and EMGs, has 
reported the following correlation of activity (Figs. 16.2-—16.4): 


1. Contraction of the triceps surae is followed by that of gluteus 
maximus on the opposite side. 

2. Contraction of iliopsoas occurs simultaneously with that of gluteus 
maximus of the opposite side. 

3. Dorsiflexion of the foot begins at the time of maximum acceler- 
ation of the lower leg. 

4. Extension of the knee begins at the time of maximum velocity of 
the leg. 

5. Contraction of the triceps surae corresponds to the first hump of 
the vertical accelerogram. 

6. Contraction of the gluteus maximus on the opposite side corre- 
sponds to the second hump of the vertical accelerogram. 

7. In many cases, two-joint muscles show an increase of tension 
without EMG potentials because they act as simple ligaments during 
the contraction of the antagonists. 

Two comprehensive EMG studies of gait have been completed on 
muscles in the region of the leg and foot by Gray and Basmajian (1968) 
(described below), and in the region of the hip joint by Basmajian and 
Greenlaw (1968) and Greenlaw (1973), reported elsewhere in this 
volume and in this chapter. Recently, Adler et al (1983) demonstrated 
with finality that the oblique head of quadriceps acts in concert with 
its long head and the other vasti, both in slow and fast walking. How 
long will it take for textbook writers and orthopedic surgeons to accept 
this convincing study? 
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Figure 16.2. Diagram of typical multifactorial gait-recording, showing on the left 
a motion picture frame and on the right oscillograms, the terminal points of 
which correspond to the instant the picture of the walking subject was taken. 
(A) Angular accelerometer on left leg. (B and C) Vertical and horizontal acceler- 
ometers, respectively. (D) Lissner strain gauge tensiometer on the left gastroc- 
nemius muscle; (E) Electrodes in the left gastrocnemius muscle . (A’) Accelero- 
gram of the left leg. (B’) Vertical accelerogram. (C’) Horizontal accelerogram. 
(D’) Tensiogram from left gastrocnemius muscle. (E’) Electromyogram from left 
gastrocnemius muscle. Note that EMG activity precedes the major tensiogram 
deflection and the relationship of the latter to the accelerograms. (From W.T. 
Liberson, ©1965b, Archives of Physical Medicine.) 


LEG AND FOOT MUSCLES 
Tibialis Anterior 


This muscle has been a favored object of attention, and so it is 
commonly accepted that peak EMG activity occurs in it at heel-strike of 
the stance phase. Movies show the foot to be inverted and dorsiflexed at 
this time (Gray and Basmajian, 1968). 

Notwithstanding the above, there has been no general agreement as 
to the function of tibialis anterior at heel-strike. Without offering direct 
evidence, some suggest only that it counteracts forces applied to the heel 
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Figure 16.3. Series of multifactorial gait-tracings from a normal subject when 
walking. Listed from top down: horizontal and vertical accelerograms; right toe 
switch (TC, toe contact and TD, toe off); right heel switch (HC, heel strike and 
HD, heel off); and four electromyograms from muscles in the right lower extrem- 
ity. (From W.T. Liberson, ©1965b, Archives of Physical Medicine.) 


by the ground, while others propose that the tibialis anterior decelerates 
the foot at heel-strike and lowers it to the ground by gradual lengthening 
(eccentric contraction). Perhaps the clinical condition known as “drop- 
foot” due to paralysis of the tibialis anterior forces this conclusion. 

During the more central movements of the stance phase (full-foot, 
midstance and heel-off) modern techniques reveal no tibialis anterior 
activity in “normal” subjects. The flatfooted subjects of Gray and Bas- 
majian (1968) and those of Battye and Joseph (1966) are like “normals,” 
except for extended activity into full-foot. Curiously, the movies of 
flatfooted subjects show the foot staying inverted during full-foot, main- 
taining inversion in order to distribute the body weight along its lateral 
border. 

A peak of EMG activity that occurs at toe-off of the stance phase is 
apparently related to dorsiflexion of the ankle, presumably to permit the 
toes to clear the floor. 

Although earlier workers believed that there is a slight fall in the 
activity of tibialis anterior at midswing, there is, in fact, a period of 
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Figure 16.4. Series of multifactorial gait-tracings from normal subject during 
walking. Listed from top down: vertical and horizontal accelerograms; goniograms 
from right hip, knee, and ankle; angular accelerograms from right and left legs; 
left hip goniogram; and electromyograms from left gastrocnemius, right gluteus 
maximus, right hamstrings, and right gastrocnemius muscles. (From W.T. Liber- 
son, ©1965b, Archives of Physical Medicine.) 


electrical silence at midswing. The explanation emerges from our movies 
which show the foot everting at the end of “acceleration” and remaining 
everted through midswing. This allows for adequate clearance, while the 
inactivity of the invertor fits the concept of reciprocal inhibition of 
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antagonists. Apparently, the brief period of electrical silence of tibialis 
anterior is essential. 

The peak of activity at toe-off tapers to a slight-to-moderate level of 
activity during acceleration of the swing phase. Conversely, prior activity 
in deceleration of the swing phase builds up to a peak of activity at heel- 
strike. Thus, the pattern of activity of tibialis anterior is biphasic. Appar- 
ently, tibialis anterior is in part responsible for dorsiflexion during 
acceleration and for inversion of the foot during deceleration of the 
swing phase. 

The pattern of activity of tibialis anterior suggests that it does not lend 
itself to direct support of the arches during walking. At heel-strike, when 
the muscle shows its greatest activity, the pressure of body weight is 
negligible. Conversely, during maximum weight-bearing at midstance 
when all the body weight is balanced on one foot, the tibialis anterior is 
silent. When the activity resumes at toe-off, the weight-bearing of the 
involved foot is minimal. 


Tibialis Posterior 


During ordinary walking tibialis posterior shows activity at midstance 
of the stance phase. The movies show the foot remaining inverted 
throughout full-foot and turning to a neutral position (between inversion 
and eversion) just before midstance. First, the fourth and fifth metatarsal 
heads make contact; then, as the foot everts increasingly toward neutral, 
more of the ball of the foot makes contact at midstance until the tibialis 
posterior acts. It is an invertor in nonweight-bearing movements of the 
foot, but its role at “midstance” appears to be a restraining one to prevent 
the foot from everting past the neutral position. 

R.L. Jones (1941, 1945) showed in human cadaveric preparations that 
the tibialis posterior distributes body weight among the heads of the 
metatarsals. In living subjects he showed that a lateral torque on the tibia 
results in an increase or shift of body weight onto all but the first 
metatarsal head; a medial torque has the opposite effect. He concluded 
that by inverting the instep of the foot the tibialis posterior increases the 
proportion of body weight borne by the lateral side of the foot. Suther- 
land (1966) concluded that the plantar flexors, including the tibialis 
posterior, have a restraining function, to control or decelerate medial 
rotation of the leg and thigh observed at midstance; by controlling the 
eversion of the foot at midstance, the tibialis posterior provides an 
appropriate placement of the foot. In the flatfooted subjects of the Gray/ 
Basmajian study, the EMG activity of tibialis posterior in the early stance 
phase is consistent with the maintenance of an inverted position during 
full-foot. By maintaining inversion the foot is supported in order to keep 
the body weight on the lateral border of the sole. 

The foot must be inverted to accomplish lateral weight-bearing in the 
early “moments” of the stance phase. This of course is because the middle 
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part of the medial border of the foot does not bear body weight in 
“normal” subjects; the lateral border with its strong plantar ligaments is 
well-equipped to bear the stresses of body weight in walking (Napier, 
1957). 

Although tibialis posterior is often considered to be a plantar flexor 
of the ankle, during level walking with an accustomed foot position it 
shows nil activity at heel-off (when plantar flexion of the ankle takes 
place to raise the heel). (This is not to deny that tibialis posterior may be 
a plantar flexor of the ankle when more powerful contractions are 
needed.) 


Flexor Hallucis Longus 


At midstance, when the entire body weight is concentrated on one 
foot, flexor hallucis longus shows its greatest activity. Flexing the big toe 
apparently positions and stabilizes it during midstance. During heel-off, 
our movies show the big toes hyperextended. Although Napier (1957) 
felt that the flexor hallucis longus helps maintain overall balance and 
prevents instability induced by excessive extension of the big toe, the 
EMG observations support this only for the flatfooted subjects and then 
only weakly. There is a slight activity during heel-off which may be 
related to preventing overextension and so giving a better balance. In 
contrast, the “normal” subjects show negligible activity. Consequently, 
one may conclude that the flexor hallucis longus is not needed in most 
“normal” subjects to play this role (Gray and Basmajian, 1968). 


Peroneus Longus 


The pattern of activity of the peroneus longus in the Gray/Basmajian 
study confirms the findings of many who have suggested that the pero- 
neus longus helps to stabilize the leg and foot during midstance. The 
movies and electromyograms show how the peroneus longus and tibialis 
posterior, working in concert, control the shift from inversion during 
full-foot to neutral at midstance. Thus, the opinion of R.L. Jones is again 
confirmed: from static studies, he inferred that peroneus longus is related 
to eversion of the foot at midstance during level walking. Sutherland 
further concluded that peroneus longus, like tibialis posterior, is involved 
in controlling rotary movements at the ankle and foot. Our movies 
showed that eversion of the foot and medial rotation of the lower limb 
occur together. One may conclude that the peroneus longus is in part 
responsible for returning the foot to, and maintaining it in, a neutral 
position at midstance. As noted before, Walmsley (1977) found peroneus 
brevis to act synchronously with the peroneus longus during ordinary 
walking. 

Throughout most of the stance phase, peroneus longus is generally 
more active in flatfooted subjects than in “normal” subjects. This appears 
to be a compensatory mechanism called forth by faulty architecture. 
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During heel-off, the movies showed some inversion while peroneus 
longus, an evertor, is active, and the invertors are relaxed. Duchenne 
(1867) first suggested that the inversion is caused by triceps surae. The 
activity in peroneus longus apparently affords stability by preventing 
excessive inversion, thus maintaining appropriate contact with the 
ground. 

In flatfooted subjects, the interplay of activity between peroneus longus 
and tibialis posterior appears to play a special role in stabilizing the foot 
during midstance and heel-off. At midstance the tibialis posterior is 
notably more active, but at heel-off the emphasis shifts to peroneus 
longus. 


Abductor Hallucis and Flexor Digitorum Brevis 

These two muscles become active at midstance and continue through 
to toe-off in “normal” subjects; in flatfooted subjects most show activity 
from heel-strike to toe-off. Perhaps the flexor digitorum brevis and 
abductor try to grip the ground since they are flexors of the toes. 
Although others are not opposed to this idea, they believe that the 
muscles are also in an ideal location to help support the arches. The 
findings of Gray and Basmajian (using wire electrodes) tend to confirm 
this opinion only for flatfooted subjects because they showed higher 
mean levels of muscular activity. 

Triceps Surae 

Dubo et al (1976) found a single high peak of activity during the 
“push-off” of the gait cycle. At heel contact, mean muscle activity was a 
fifth of maximum, and this continued thus through foot flat to midstance. 
As the foot enters push-off the gastrocnemius sharply increases its activ- 
ity. Following this there is a rapid drop that continues as the swing starts 
and reaches zero at midswing. Then as the transition to stance begins, 
activity once more increases. 


HIP AND THIGH MUSCLES 


Greenlaw and Basmajian’s locomotion studies of the muscles that cross 
the hip joint have appeared extensively only in the form of a Ph.D. thesis 
by Greenlaw (1973) as well as being given at meetings (Basmajian and 
Greenlaw, 1968). The essence of their findings (from wire electrodes) is 
given below. 

Gluteus Medius and Minimus 

In the anterior fibers of gluteus medius there is moderate activity at heel- 
contact that persists through to midstance. There is also a brief burst at 
toe-off and another just before heel-contact. The posterior fibers are 
rather (but not exactly) similar. Gluteus minimus has only a biphasic 
response (at heel-contact to 40% and at midswing). 
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Tensor Fasciae Latae 


Its pattern is biphasic with a peak during early stance through midswing 
and another short smaller peak during toe-off. 


Gluteus Maximus 


Upper, middle, and lower parts were all tested simultaneously. The 
upper part shows a clearly biphasic pattern with a small peak at heel- 
strike and one near the end of swing phase. The middle part is more 
triphasic with an additional high peak just before to just after toe-off. 
The lower part is biphasic, rather like the upper fibers. See also the work 
of Lyons et al (1983) summarized under the section Ascending and 
Descending Stairs, which follows. 

Hamstrings 

Semitendinosus has a triphasic pattern with an initial low peak at heel- 
contact, a second peak of 50% of the cycle, and a small third one just 
before the end (90%) of the cycle. Semimembranosus is biphasic, lacking 
the peak in the middle. Biceps femoris is also biphasic, but more crisply 
so. 


Sartorius and Rectus Femoris 


Rectus femoris is generally biphasic and triphasic, depending on ca- 
dence. Sartorius really shows only one peak, immediately during toe-off. 
lliopsoas 

Iliacus acts continuously through the walking cycle with some rises and 
falls. The highest rise is during the swing phase, but there is another in 
midstance. 

Psoas is triphasic (except with slow cadence); the main peaks correspond 
to those of iliacus, with a third peak at 50% of the cycle. 


Adductors 


Adductor magnus is really two muscles. The upper (horizontal) part is 
active nearly continuously; it reaches nil only at midswing. The lower 
(vertical) part acts like a biphasic hamstring. 

Adductor brevis varies with the speed of walking. At moderate speed it 
is biphasic—at 40% and 90% of the cycle. Adductor longus and gracilis 
also have a main peak of activity at toe-off and additional peaks at late- 
stance and early-swing phases. 


Other Gait Studies 


In a brief preliminary report, Joseph (1965) described his findings of 
telemetered EMG signals from a number of muscles used in gait. Gen- 
erally, his findings were similar to those reported in the 1940’s and 
1950s by the San Francisco group. In the swing phase, the hamstrings 
were inactive (even though knee flexion occurred) and the tibialis ante- 
rior was also inactive—but only for a brief period. In the supporting 
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phase, activity occurred early in the calf muscles, hamstrings, and gluteus 
maximus but ceased toward the end. Two periods of activity were found 
in the sacrospinalis (at level L3): one during the swinging and one during 
the supporting phase. 

Later, Battye and Joseph (1966) reported details of a study which, 
because of its clarity, will be heavily drawn upon below, supplemented 
by the findings of Greenlaw and Basmajian. 

In general, Battye and Joseph found more similarities than differences 
in the walking patterns of 14 persons (8 men and 6 women). They also 
emphasized the importance of the inertial forces as factors in producing 
certain movements. 

Soleus begins to contract before it lifts the heel from the ground; it 
stops before the great toe leaves the ground. Apparently these are 
supportive rather than propulsive functions. 

Quadriceps femoris contracts as extension of the knee is being com- 
pleted, not during the earlier part of extension when the action is 
probably a passive swing. Quadriceps continues to act during the early 
part of the supporting phase (when the knee is flexed and the center of 
gravity falls behind it). Quadriceps activity occurs at the end of the 
supporting phase to fix the knee in extension, probably counteracting 
the tendency toward flexion imposed by gastrocnemius. Similar findings 
have been reported (for vastus lateralis) by Dubo et al (1976). 

The hamstrings contract at the end of flexion and during the early 
extension of the thigh, apparently to prevent flexion of the thigh before 
the heel is on the ground and to assist the movement of the body over 
the supporting limb. In some persons, the hamstrings also contract a 
second time in the cycle during the end of the supporting phase; this 
may prevent hip flexion. 

Gluteus medius and gluteus minimus are active at the time that one 
would predict, i.e., during the supporting phase; however, we found with 
wire electrodes that gluteus medius is actually triphasic while minimus is 
biphasic during each walking cycle (Greenlaw and Basmajian, in Green- 
law, 1973). 

Gluteus maximus shows activity at the end of the swing and at the 
beginning of the supporting phase. This is contrary to the general belief 
that its activity is not needed for ordinary walking (Battye and Joseph, 
1966; Greenlaw, 1973). Perhaps gluteus maximus contracts to prevent 
or to control flexion at the hip joint. 

The same six female subjects that provided the above Battye/Joseph 
findings were also studied while they wore high heels (Joseph, 1968). 
There were comparatively few differences from the findings previously 
noted. These differences were: tibialis anterior contracted less strongly 
but more continuously; soleus was more active; quadriceps femoris 
contracted (either continuously or intermittently) during the stance 
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phase; and gluteus maximus contracted during swing phase when walking 
with high heels. 

The gait pattern of women also interested Finley et al (1969), who 
compared elderly women with young ones. Rectus femoris, tibialis an- 
terior, peroneus longus, and gastrocnemius were recorded through 
surface electrodes along with a multijoint electrogoniometer complex. 
The elderly women showed greater activity in tibialis anterior, peroneus 
longus, and gastrocnemius. Except for rectus femoris, the muscles of the 
elderly women showed considerably greater activity during foot-flat. The 
other differences do not appear to be functionally significant. 

Comparing changes in integrated rectified EMG signal of the quadri- 
ceps with those of the calf muscles under increased degrees of stress 
(increased slope and/or speed), Brandell (1977) reported that the vasti 
responded relatively more vigorously to the stress. The peak activity for 
the calf occurs when the extending activity of the knee stretches the 
gastrocnemius across the back of the knee joint, thereby helping the calf 
muscles as a group to lift the heel (plantar flexion), the “most essential 
actions for producing the push-off and thrust in the normal walking 
cycle.” 

A pilot study of backward walking in one subject offers some sugges- 
tions of changes in EMG activity and gait patterns (Kramer and Reid, 
1981). Nashner (1980) showed that minor perturbation of human gait 
produced EMG changes in the muscles that far exceeded the amount of 
activity needed for gait. Human gait on a flat surface may be usefully 
described as similar to bicycle riding at a steady comfortable rate and 
described by Basmajian (1976) as “the human bicycle” (Fig. 16.5). 


ASCENDING AND DESCENDING STAIRS 


Although a number of investigators have included stair climbing in 
their work, Joseph and Watson (1967) give the best early report. They 
found that during both ascent and descent, each limb has a support and 
swing phase. In walking up, the body is raised by contraction of soleus, 
quadriceps femoris, hamstrings, and gluteus maximus (along with gluteus 
medius activity for hip stability). During the swing phase, tibialis anterior 
and the hamstrings are active, as would be expected. 

Walking downstairs recruits the same muscles in lowering the body, 
with the exception of gluteus maximus. Tibialis anterior inverts the foot 
at the beginning of the support phase and dorsiflexes it during the swing. 
The hamstrings are also active during the swing. 

Both erector spinae muscles contract twice in each step, apparently in 
controlling bending which occurs in walking both up and down stairs. 

Ina more recent and scientifically elegant paper concentrating on the 
hip, Lyons et al (1983) investigated the timing and relative intensity of 
EMG activity of hip abductor and extensor muscles during free and fast 


eee 


HUMAN LOCOMOTION 383 


imaginary 
axle of 


right ''wheel'' 


Steps 1 2 > 
Figure 16.5. The human bicycle. 


velocity walking and during ascent and descent of stairs. Eleven healthy 
subjects were tested using wire electrodes. Data were quantified by 
normalizing all activity during gait with EMG activity occurring during 
a sustained maximum isometric effort resisted either manually or with a 
dynamometer. The results indicated that the hip extensor muscles had 
different phasic patterns and moments of peak activity. During level 
walking, the semimembranosus and long head of the biceps femoris 
muscles displayed the greatest swing phase activity (beginning in mid- 
swing). The adductor magnus muscle followed with its onset in terminal 
swing. Both this muscle and the gluteus maximus were the principal hip 
extensors active during the loading response. For ascending stairs, the 
lower portion of the gluteus maximus muscle proved to be the main hip 
extensor during the loading response and midstance. The upper portion 
of the gluteus maximus muscle functioned more like the gluteus medius 
muscle than its own lower portion during both level and stair walking. 

Walking up and down stairs by athletes has been shown by Townsend 
et al (1978) to affect the EMG activity of certain leg muscles, but there 
is no predictable pattern correlated with athletic training. 


GAIT OF CHILDREN 


The most systematic EMG studies of children’s gait have been carried 
out by several investigators in Japan who continue with this valuable area 
of investigation. Okamoto and Kumamoto (1972) made long-term serial 
multichannel EMG recordings (combined with foot contact switches) in 
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two infants learning to walk and in 30 subjects (ranging from infant to 
adult). The muscles investigated were tibialis anterior, gastrocnemius, 
vastus lateralis, rectus femoris, biceps femoris, gluteus maximus, sacro- 
spinalis, and deltoid. 

Okamoto and Kumamoto found a varying time in development at 
which these muscles acquire their adult patterns. Tibialis anterior acted 
in an adult fashion within 1 month after infants learned to walk, but the 
others were delayed to the middle of 2 years of age (vastus lateralis) or 
even later: thus, in gastrocnemius, biceps femoris, gluteus maximus, and 
sacrospinalis adult patterns appeared at the end of 2 years of age, and in 
the deltoid at 4 years of age. 

During the 10 days after learning to walk (about a dozen steps), there 
is a continuous discharge in tibialis anterior during the stance phase, but 
it drops off, and by day 15, it has become adult in its pattern. Between 
the 50th and 85th days after learning to walk, the reciprocal discharge 
pattern of tibialis anterior and gastrocnemius is clearly established. 
Tsurumi (1969) independently found that in children, EMG activity of 
gastrocnemius appears during the push-off at 6 years of age. Although 
his findings agreed with those of Okamoto and Kumamoto for gastroc- 
nemius, he found that tibialis anterior does not assume the adult role 
until the 5th year. Differences in technique could account for the 
discrepancy. 

While the general adult mode of gait and its EMG patterns are 
recognizable from 2 years of age on, the child must reach its 7th birthday 
before the walking pattern truly becomes adult in form and function 
(Okamoto and Kumamoto, 1972; Okamoto, 1973; Kazai et al, 1976). 
Similar results have been reported by Marciniak (1975) of Poznan, 
Poland. 


RUNNING 


Increasingly more thorough papers have appeared on EMG patterns 
during running. Hoshikawa et al (1973) revealed a nonlinear correlation 
between speed and muscular activity. Elliott and Blanksby (1976) found 
a high reproducibility of results from one day to the next when surface 
electrodes and automated analysis techniques are used. 


TRUNK MUSCLES DURING GAIT 
Erector Spinae 

Erector spinae shows two periods of activity, according to Battye and 
Joseph (as noted before by other investigators). They occur “at intervals 
of half a stride when the limb is fully flexed and fully extended at the 
hip at the beginning and end of the supporting phase.” Battye and 
Joseph’s explanation is that the bilateral activity of the erectores spinae 
prevents falling forward of the body and also rotation and lateral flexion 
of the trunk. 
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More recently, and using intramuscular wire electrodes, Waters and 
Morris (1972) reported striking periodic electrical activity in the trunk 
muscles of all subjects during walking at two different speeds (4.39 and 
5.29 km/hour). It occurred faithfully with each cycle and was very 
constant in relationship to parts of the cycle from subject to subject. The 
muscles included paravertebral (erector spinae) muscles (iliocostalis in 
thoracic and lumbar parts, longissimus, multifidus, and rotatores) as well 
as quadratus lumborum, obliqui externus and internus, and rectus ab- 
dominis (Figs. 16.6 and 16.7). 


Abdominal Muscles 


In addition to the work of Waters and Morris noted above, Sheffield 
(1962) performed a study of abdominal muscles which differs surpris- 
ingly: the abdominal muscles were reported as inactive in level walking 
which the wire-electrode investigations of Water and Morris negate. 
Very little investigation of gait has been done otherwise in this part of 
the body. 


SWINGING OF THE ARM DURING GAIT 


Fernandez-Ballesteros et al (1964) of Copenhagen recorded the activity 
in the arms of normal subjects during walking. Buchthal and Fernandez- 
Ballesteros (1965) applied the same techniques to a study of patients with 
Parkinson’s disease. The first EMG abnormality to appear in the early 
stages of the disease is a nonrhythmical pattern with random or wrongly 
timed activity. Later, swinging movements disappear, which becomes 
quite obvious clinically. In fact, it is characteristic of Parkinson’s disease. 

In normal persons, the posterior and middle parts of deltoid begin to 
show activity slightly before the arm starts its backward swing, and this 
activity continues throughout the backward swing. The upper part of 
latissimus dorsi and the teres major acts from the onset of the backward 
swing until the arm reaches the line of the body. Similar results were 
reported by Hogue (1969), who also showed that the activity of scapular 
muscles and the muscles of the arm and forearm are silent. The following 
summary of the work of Fernandez-Ballesteros et al does not agree with 
Hogue in some details, however. 

During forward swing of the arm, activity is confined to some of the 
medial rotators (subscapularis, upper part of latissimus dorsi and teres 
major); the main flexors are strikingly silent. 

In half of their subjects, they found activity in both forward and 
backward swing in the rhomboids and infraspinatus. This was most 
marked in persons who walk with a stoop. 

Apart from brief silent periods in the extreme positions of swing, 
trapezius is active in both phases to maintain elevation of the shoulder. 
Similar activity occurs in supraspinatus; this obviously is related to the 
prevention of downward dislocation (p 273). However, Fernandez-Bal- 
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Figure 16.6. EMG records of subjects walking. (From R.L. Waters and J.M. 
Morris, 1972, ©Journal of Anatomy.) 
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Figure 16.7. Average durations of EMG activity in trunk muscles (10 subjects) 
during walking. (From R.L. Waters and J.M. Morris, 1972, ©Journal of Anatomy.) 


lesteros et al ascribe it (unconvincingly) to abduction of the shoulder to 
allow the arm to bypass the trunk. Trapezius falls silent immediately 
after a subject comes to a halt, contrary to earlier opinions, but corro- 
borating Bearn’s (1961b) finding. 


PRIMATE EVOLUTION: EMG STUDIES 


EMG studies on the flexor muscles in the forearm of a gorilla suggest 
that future comparative morphological studies on the wrists of African 
apes may reveal special bony features related to certain close-packed 
positions imperative to knuckle-walking (Tuttle and Basmajian, 1972). 
These features may then be employed to discern evidence of knuckle- 
walking heritage in the wrists of other extant hominoids and to trace the 
history of knuckle-walking in available fossils. 

The fact that the flexor digitorum profundus muscle, which constitutes 
approximately 44% of total forearm musculature in the gorilla, is rela- 
tively inactive during many knuckle-walking behaviors indicates that 
special close-packed positioning mechanisms may be operant in the 
metacarpophalangeal joints of digits I] to V. But these mechanisms 
probably are not exclusive of muscle activity since the flexor digitorum - 
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superficialis and perhaps also the lumbrical and interosseous muscles 
may participate severally in knuckle-walking episodes. 

The relative inactivity of the extensor carpi ulnaris muscle during 
knuckle-walking is probably related to the fact that the same basic posture 
of the wrist is maintained in the swing and stance phases of most slow 
and moderately paced progressions. During swing phase, when activity 
of the wrist extensors might be anticipated, elbow flexion elevates the 
hand clear of the floor, and shoulder movements are probably chiefly 
responsible for its placement anteriorly. 

Tuttle and Basmajian, assisted by others, conducted a series of exten- 
sive EMG studies in gorilla, orang and chimpanzee from 1970 to 1975 
to determine the function of both forelimb and hindlimb muscles in 
posture and locomotion. These studies, carried out at the Yerkes Re- 
gional Primate Research Center of Emory University, have been re- 
ported in a series of papers (Tuttle and Basmajian, 1972 et seq; Tuttle 
et al, 1975). 


CHAPTER 1/7 


Anterior Abdominal Wall and Perineum 


Since 1948 a considerable number of papers have appeared which deal 
with the actions of either specific abdominal muscles, e.g., rectus abdom- 
inis, or in connection with specific functions, e.g., posture of the vertebral 
column or breathing. A few have dealt with the abdominal wall in a 
more general way, and this method of approach will be our first concern. 
Clinical examinations with needle electrodes have confirmed almost all 
of the systematic observations now to be noted. 


ABDOMINAL WALL IN GENERAL 


Floyd and Silver (1950) were the first to make an extensive EMG study 
of the abdominal musculature in normal people. With a grid of paired 
multiple electrodes on the anterior abdominal wall (Fig. 17.1), they 
recorded simultaneously from various parts of the rectus abdominis, the 
external oblique, and the internal oblique where it is not covered by 
external oblique, i.e., in the triangular area bounded by the lateral edge 
of the rectus sheath, the inguinal ligament, and the line joining the 
anterior superior iliac spine to the umbilicus. Here in this triangle, the 
external oblique is represented only by its aponeurosis and, quite fortu- 


Figure 17.1. Photograph from Floyd and Silver (1950) to show their electrode 
grid for recording of abdominal EMGs. 
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nately, it is this very part of internal oblique which is of greatest interest. 
(They did not try to study the transversus abdominis because of its depth, 
admitting the possibility of a pickup from it through the electrodes for 
internal oblique.). 

Floyd and Silver frequently found some difference between the right 
and left sides of the abdominal musculature, even when electrodes were 
carefully matched. They ascribed this to a basic asymmetry in function 
and found individual variations in the amount of difference. 

With the subject lying supine and resting, slight activity was found in 
some nervous subjects, but none was found with relaxed comfortable 
persons (Fig. 17.2). Even in nervous subjects the activity could be reduced 
or abolished by proper positioning, e.g., by propping up the upper part 
of the trunk. Lowering the trunk caused an exaggeration of activity. 

With the “head raising” movement used commonly as an exercise for 
strenghtening abdominal muscles, the recti were powerfully active while 
external oblique and the part of internal oblique that was studied were 
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Figure 17.2. EMG records of abdominal muscles. (A) Supine. (B) Raising head. 
(C) Greater effort in head raising. (From W.F. Floyd and P.H.S. Silver, ©1950, 
Journal of Anatomy.) 
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only slightly active at first. Even with increased effort they become only 
moderately active (Fig. 17.2). These findings were confirmed later by 
Campbell (1952) using needle electrodes, and by Ono (1958) of Hirosaki 
University. One might conclude from their finding that only the rectus 
is benefited maximally by the head raising exercise, in spite of the exercise 
being advocated to increase the general “tone” of the abdominal wall. In 
contrast to the head-raising exercise, the bilateral leg-raising exercise 
brought all the abdominal musculature into activity to steady the pelvis. 
One-sided leg-raising was much less effective, calling upon activity pre- 
dominantly on the same side of the abdomen. 

In the relaxed standing position, all the electrodes except those over 
the lower part of the internal oblique picked up no activity. Internal 
oblique apparently is on constant guard over the inguinal region. 

When the subjects (whether recumbent or erect) were made to strain 
or to “bear down” with the breath held, the external obliques and the 
internal obliques (lower parts) contracted to a degree that was direcly 
related to the effort, but rectus abdominis, in contrast, was very quiet 
(Fig. 17.3). This was later confirmed by Ono (1958). Surely it is surprising 
that physical therapists have not seized upon these findings for applica- 
tion in the strengthening of weak or stretched obliques. Perhaps they 
are not dramatic enough! 

Floyd and Silver found no inspiratory or expiratory activity in the 
abdominal muscles during quiet breathing, a finding that was later 
enlarged upon by Campbell (1952) (see p 395) and by Ono (1958), 
Carman et al (1971), de Sousa and Furlani (1974), and Rideau et al 
(1975). With forced expiration, with coughing, and with singing, the 
pattern was similar to that in straining, i.e., marked activity in the 
obliques and none in the rectus. 

Most investigators quite correctly emphasize the importance of the 
rectus sheath in protecting the abdominal area occupied by the rectus 
during all these physiological functions which are not accompanied by 
contraction of the rectus. Therefore, they point out, repairs of the sheath 
and maintenance of its integrity during surgical closures is vital. How- 
ever, most surgeons erroneously think abdominal hernia is actively 
prevented by the activity of rectus abdominis in the region it covers. 
Floyd and Silver have proved conclusively that the apparent hardening 
of the recti on straining is usually only a passive bulging of the muscles 
and their sheaths. One can only hope that this knowledge, available now 
for several decades, will soon reach the practicing surgeon. But de Sousa 
and Furlani (1974), while they agreed in general with all previous 
workers about the rectus abdominis, disagreed violently with the lack of 
activity reported by others in the recti during coughing. In every one of 
20 subjects studied with needle electrodes (instead of the usual surface 
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Figure 17.3. Abdominal EMGs of “straining.” (A) During start of straining. (B) 
Four seconds later (maximal effort). (From W.F. Floyd and P.H.S. Silver, ©1950, 
Journal of Anatomy.) 


electrodes), they found exuberant activity in the recti bilaterally during 
a cough. So there is a difference, apparently, between the reactions of 
the recti to the increase of intra-abdominal pressure from “bearing down” 
and the sharp, short increase of coughing. 

Walters and Partridge in 1957 (then at the University of Illinois) 
reported on the EMG of the abdominal muscles during exercise and 
later added further information (Partridge and Walters, 1959). They 
found that in movements of the trunk performed without resistance in 
either the sitting or the standing posture, the obliques and recti remained 
quiescent. However, lateral bending of the trunk does produce activity 
in the more posterolateral fibers of external oblique (a fact that is also 
mentioned by Campbell, 1952). Inclining the trunk backwards gives 
activity in all the muscles, but forward bending was, as Floyd and Silver 
also found, unaccompanied by activity. They also confirmed, in general, 
the findings of Floyd and Silver concerning forced expiration and cough- 
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ing, i.e., the recti remain relaxed while the obliques contract. During 
forced trunk-twisting exercises the internal obliques of the side to which 
the twisting occurred were greatly active while both external obliques 
showed some slight activity, and the recti showed none (unless the subject 
violently flexed the trunk simultaneously). 

Because Partridge and Walters were concerned about exercises in the 
bedridden patient, they also studied the abdominal muscles during 
exercises in the supine position (Fig. 17.4). They found that all portions 
of the external oblique and rectus abdominis were activated best by “a 
lateral bend of the trunk, pelvic tilt, straight trunk curl, and trunk curl 
executed with rotation.” They state, in rather naive jargon, that “rotation 
of the pelvis on the thorax (hip roll) and the reverse curl are excellent 
activators of the internal oblique in this (supine) position.” 

Concerned more with athletic training, Flint and Gudgell (1965) put 
a series of subjects through vigorous exercises while recording EMGs 
from the rectus abdominis and external oblique. Their most effective 
exercises for bringing out the greatest activity were: the “V-sit,” “basket 
hang” on the horizontal bar, “side-lying trunk raise,” backward leaning, 
and “curl-up.” (Detailed definitions of these and other technical but 
explicit terms are given in their article). Less effective were “chin-up,” 
“pull-up,” “pelvic tilt” in the supine position, isometric contraction of the 
abdominal wall, “low bicycle with tilt,” vertical jumping, and straight leg- 
raising in the supine position. Least effective, to the point of being 
useless, were “full-waist circling” and vertical reach in the standing 
position, controlled leg extension in the supine position, and “hip-roll” 
while lying on the mat. 

Flint (1965a and b) showed further that the upper and lower parts of 
the rectus abdominis vary in response to different movements. Most of 
the activity in the recti during trunk flexion from the supine position 
occurs during the first half of the movement. Trunk raising elicits more 
activity than trunk lowering. Maximal abdominal muscle activity occurs 
during hook-lying (knees bent) unsupported slow and fast sit-ups (God- 
frey et al, 1977). 


POSTURAL ROLE OF ABDOMINAL MUSCLES 


Lewer Allen was the first to prove conclusively with electromyography 
that the rectus abdominis does not draw a resistant spine forward but 
that gravity does it. Only in full flexion does rectus show activity, 
apparently in an effort to force the trunk further downwards against 
resistance. In hyperextension (at the other end of the range of motion) 
the rectus abdominis shows activity while being stretched; this apparently 
steadies the torso. Floyd and Silver (1950), Ono (1958), and Partridge 
and Walters (1959) have confirmed these findings which were predicted 
many years ago by Duchenne and others. Campbell (1952 et seq) and 
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Figure 17.4. EMG records of abdominal muscles during various activities while 
subject supine. (From M.J. Partridge and C.E. Walters, ©1959, Physical Therapy 
Review.) 


Campbell and Green (1953 et seq), using needle electrodes, found some 
activity in quiet standing which might be missed by surface electrodes, 
but this activity was never very marked. 

Morris et al (1961), Waters and Morris (1970), and Bearn (1961a) 
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have stressed the importance of the abdominal muscles in the developing 
of positive pressure in the abdomen. This is an important adjunct to the 
vertebral column in stabilizing the trunk. 

As was mentioned above, in ordinary standing the only muscle to show 
important continuous activity was the internal oblique, but this activity 
was not related to maintenance of the general posture; it will be now 
considered below. 


CONTROL OF INGUINAL CANAL 


In the investigations of the abdominal wall posture, we must consider 
in particular the lower part or region of threatening hernia. Here the 
inguinal canal tunnels through the muscular layers of the abdominal wall 
and so provides a weak spot. Through this area, excessive intra-abdom- 
inal pressures (particularly while the person is standing) may force a 
hernia. Since, in the male, the opening transmits the ductus (or vas) 
deferens, it must be protected without, however, causing complete 
occlusion. This delicate, but dynamic, function is performed by the 
internal oblique and transversus abdominis—in particular by their lowest 
fibers which arise from the inguinal ligament. These fibers arch over the 
inguinal canal and insert medially on the pubic bone. One would imagine 
that they must be in constant contraction during standing. The work of 
Floyd and Silver (described above) gives ample evidence to prove this 
long-held opinion of anatomists and surgeons. Furthermore, one would 
imagine that, regardless of a person’s position, straining and coughing 
would require increased activity in the muscular protection of the canal. 
Indeed, the evidence now is overwhelmingly favorable to this view (Fig. 


17.3). 


RESPIRATORY ROLE OF ABDOMINAL MUSCLES 


Following upon the work of Floyd and Silver, their graduate students 
at Middlesex Hospital Medical School expanded that part which dealt 
with respiration. Campbell, joined in parts of his research by Green, 
performed both extensive and intensive studies, combining EMG of the 
abdominal muscles and direct and accessory respiratory muscles with 
various other techniques, such as spirometry. The respiratory muscles 
will be considered in the next chapter, but here we should consider the 
findings for the abdominal musculature only. 

Campbell’s first paper (1952) confirmed and underlined the work of 
the earlier electromyographers who found that there was no activity in 
the external oblique and rectus abdominis of supine normal subjects 
breathing quietly. The new dimension added by Campbell was his use of 
needle electrodes. He showed that with maximal voluntary expiration 
these muscles contracted as they also did towards the end of maximal 
voluntary inspiration (Fig. 17.5). Yet they did not contract under the 
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Figure 17.5. EMG records of external oblique and rectus abdominis and spirom- 
etry of maximal inspiration and expiration. Resp is the spirometry trace (inspiration 
upward). (A) Inspiration held for 4 s and released, then followed by maximal 
inspiration. (B) Forced expiration within a second of attaining full inspiration. (C) 
Maximal expiration followed by normal inspiration. (D) Maximal inspiration 
followed by relaxation to the resting respiratory level. (Note: superimposed ECG 
spikes should be ignored.) (From E.J.M. Campbell, ©1952, Journal of Physiology.) 


latter condition when the breathing was increased by imposing asphyxia. 
In contrast, the activity in maximal expiration was increased further 
when the volume of breathing was increased by asphyxia. 

Campbell reported that the great activity during expiration with 
hyperpnea appeared first towards the end; it was never prominent at the 
beginning. He concluded that abdominal contraction was a factor in 
limiting voluntary inspiration, but in the presence of very rapid deep 
breathing due to asphyxia it was inhibited. It would seem, then, that 
contractions of the abdominal muscles to aid expiration only occur in 
severe cases of greatly increased pulmonary ventilation under stress. In 
any case, they do not initiate the expiratory phase, but rather they help 
to complete it quickly. Campbell showed that a pulmonary ventilation of 
more than 40 liters/minute was required for the abdominal muscles to 
play their accessory respiratory role (Fig. 17.6). 

Campbell and Green (1955) showed that the early findings were 
essentially true both in the supine and in the erect posture, but that 
normally in the erect posture there is some continuous activity in the 
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Figure 17.6. Simultaneous EMG records (E.O.), spirometry (Resp.), and record- 
ing of intra-abdominal (intragastric) pressure (/.G.P.) showing effects of progres- 
sively increasing pulmonary ventilation on the abdominal muscles. Continuous 
recording (From E.J.M. Campbell and J.H. Green, ©1955, Journal of Physiology.) 


muscles. This activity can be abolished by certain postures and is not 
particularly related to respiration. 

In order to summarize the present knowledge of the role of abdominal 
muscles in respiration, it seems wise to present below the essence of the 
paper by Campbell (1955c): 


1. The abdominal muscles are the most important and are the only 
indisputable muscles of expiration in man. The obliques and transver- 
sus are much more important than the rectus abdominis. 

2. Vigorous contraction occurs in all voluntary expiratory maneu- 
vers (such as coughing, straining, vomiting, etc.). 

3. The abdominal muscles (almost exclusively the obliques) contract 
at the end of maximum inspiration to help limit its depth but, in 
normal persons, they do not contract in hyperpneic asphyxia, appar- 
ently being inhibited by central mechanisms. 
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Hyperpnea with a ventilation rate of greater than 40 liters of air per 
minute calls upon activity of these muscles at the end—and only at the 
end—of expiration. 

The finding by Fink (1960) of phasic expiratory activity in patients 
while being anesthetized does not (as Fink himself believed) invalidate 
Campbell’s conclusion for normal subjects. Fink, however, described a 
practical use of the integrated rectified EMG signal of the abdominal 
wall muscles. He advocated it for monitoring the relaxation of the 
abdomen during operations in which the muscle-relaxant succinylcholine 
is used. The activity occurring during expiration under these circum- 
stances is real, and the EMG signal provides an excellent tool for 
determining relaxation. Bishop (1964) showed that continuous positive 
pressure breathing initiates expiratory activity of the abdominal muscles 
in cats. Youmans et al (1974) furthe reviewed the control of “involuntary” 
or tonic responses of abdominal muscles, demonstrating in their studies 
that the tonus is under neural inhibitory centers which react to many 
influences, including intragastric and intracardiac pressure, respiration, 
eté. 

Recently, Martin and De Troyer (1982) studied the behavior of the 
abdominal muscles during inspiratory mechanical jogging. Abdominal 
muscle activity was studied in eight normal subjects, while seated and 
supine, during inspiratory resistive and elastic mechanical loading. EMG 
signals from the external oblique and rectus abdominis muscle were 
recorded using unipolar needle electrodes, and changes in anteroposte- 
rior dimensions of the abdomen were measured using linearized mag- 
netometers. Elastic loading evoked abdominal muscle activity during 
expiration, especially in the rectus abdominis, in seven seated subjects, 
while resistive loading did so in five. In four runs, activity was also 
detectable throughout inspiration. Abdominal muscle activity was asso- 
ciated with a reduction in abdominal dimensions throughout the respi- 
ratory cycle. When the cycle subjects were supine, loads did not evoke 
abdominal muscle activity. Martin and Troyer concluded that abdominal 
muscle recruitment during inspiratory mechanical loading may facilitate 
inspiration by increasing diaphragmatic length. 


PERINEUM 


The muscles of the human perineal region that have been investigated 
are the external anal sphincter, the striated sphincter of the male urethra, 
and the striated muscles of the pelvic floor and urethra in normal women 
and patients with “Manchester repairs” for prolapse. These studies will 
be considered in that order, following which a brief account of reflex 
control of micturition will be given. | 
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Sphincter Ani Externus 


Aside from Beck’s early EMG study (1930) of the anal sphincter almost 
exclusively in dogs, only Floyd and Walls (1953) have reported on the 
EMG of this important muscle. Beck’s results are now more provocative 
than useful but those of Floyd and Walls are extremely interesting and 
practical. Some of them have been confirmed by Basmajian’s group 
during a study of the urethral sphincter (see below). 

Floyd and Walls found that the anal sphincter is in a state of tonic 
contraction (Fig. 17.7). The degree of this tone varies with posture and 
the subject’s alertness, falling to a very low level during sleep. Presum- 
ably, the internal sphincter is the main agency for keeping the rectum 
closed during sleep. They found that the subjects can voluntarily produce 
an outburst of activity in the anal sphincter. J.V. Basmajian and W.B. 
Spring (1954, unpublished study) found in a series of men that the 
contraction of sphincter ani externus is not isolated but is accompanied 
by general contraction of the perineal muscles, especially the sphincter 
urethrae. Since these muscles are of common origin from the cloacal 
musculature, these findings are not surprising. 

With increased intra-abdominal pressure produced by straining, speak- 
ing, coughing, laughing, or weight-lifting, Floyd and Walls found in- 
creased sphincteric activity related in amount to the degree of pressure. 
This has been confirmed by Cardus et al (1963) and Scott et al (1964). 
However, actual efforts to defecate were usually (but not always) accom- 
panied by relaxation of the sphincter ani. 

Duthie and Watts (1965) found that electrical activity in the striated 
external sphincter, although greatly reduced, persisted even under gen- 
eral anesthesia. In response to rectal distension, the sphincter showed an 
increased activity as the maximal rate of diminution in pressure occurred. 
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Figure 17.7. EMG records of external anal sphincter, showing resting tone and 
(between signal marks) the increase in tone during a maximal expiratory effort. 
The record is in three serial horizontal strips and reads continuously from left to 
right. (From W.F. Floyd and E.W. Walls, ©1953, Journal of Physiology.) 
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Thus relaxation in the anal canal is independent of the action of this 
sphincter, which contributes to pressure only when a bolus is present. 

Porter (1960) also has shown that the external sphincter and the 
puborectalis show continuous activity at rest, heightened activity with 
effort and coughing, and inhibition with defecation and micturition. A 
critical volume brings about the desire for a bowel movement with 
sphincteric inhibition. After evacuation, tonic activity is restored in the 
external anal sphincter and puborectalis at the same time as the internal 
(smooth-muscle) sphincter returns to its normal contracted state (Ihre, 
1974). 

A growing clinical interest in EMG of the external anal sphincter has 
led to the appearance of special papers on the subject. Some of these 
reflect normal function and may be of interest to readers (e.g., Archibald 
and Goldsmith, 1967; Haskell and Rovner, 1967; Bailey et al, 1970; 
Jesel et al, 1970; Ruskin, 1970; Waylonis and Aseff, 1973; Chantraine, 
1974; Ihre, 1974; Blank and Magora, 1975; Schuster, 1975; Kiviat et al, 
1975; Lane, 1975; Frenckner and Euler, 1975; Shafik, 1975; Kiesswet- 
ter, 1976; van Gool et al, 1976; Whitehead et al, 1981). 


Striated Male Sphincter Urethrae 


An early report (Basmajian and Spring, 1955) dealing with this almost 
inaccessible muscle, after years of virtual eclipse, has been referred to so 
often in recent years that it can be repeated here to advantage. Very 
fine, self-retaining wire electrodes were inserted through the perineum 
into, or very near, the sphincter urethrae in six men during cytoscopic 
examination. Action potetials of the muscles were obtained and recorded 
on Stanley Cox 6-channel electromyograph. When the bladder is empty, 
there are a few occasional, small potentials in the sphincter urethrae with 
long periods of inactivity. As the bladder is filled slowly through the 
cystoscope, the action potentials increase in number. There is a contin- 
uous low level of activity in the striated muscle surrounding the mem- 
branous urethra as long as the bladder contains fluid. When the subject 
is instructed to micturate after the cystocope is removed, the potentials 
disapper as micturition begins and remains absent during the whole 
period of micturition and remain absent if the bladder is empty (Fig. 
17.8). Sudden voluntary stopping of micturition before the bladder is 
empty is accompanied by a marked outburst of potentials, the frequency 
of which then falls off rapidly to “the resting level.” 

Nesbit and Lapides (1959) in a study of male patients concluded that 
the striated sphincter is necessary for sudden interruption of micturition 
and for maintenance of continence when the vesical neck is incapacitated. 
Lapides is emphatic in his belief that micturition may be initiated and 
terminated consciously by voluntary effort without the use of any striated 
muscles and that urinary continence is normally maintained by the 


ANTERIOR ABDOMINAL WALL AND PERINEUM 401 


Figure 17.8. EMG records of male striated sphincter urethrae with partly filled 
bladder (continuous activity) during micturition (relaxation of sphincter) and with 
bladder empty (relaxation continues). Uppermost trace is a recording of urine 
flow (flow begins to flow ends). Middle trace is EMG. and lowest trace is 10-ms 
time marker. 


internal vesical sphincter, not by striated muscles. (See Lapides et al, 
1957, 1960.) On the other hand, Susset et al (1965) clearly showed that 
under conditions of stress, such as coughing or straining, the external 
sphincter is necessary and very active. A full bladder even results in 
minimal opening of the bladder neck on coughing, throwing added 
responsibility on the striated muscles. Susset et al also proved the impor- 
tance of striated muscle spasticity in patients with upper motor neuron 
lesions; in such cases the external sphincter takes over the function and, 
being spastic, obstructs micturition. 

Meyer Emanuel’s (1965) review of control of the bladder outlet 
appears to rationalize the findings of many types of investigation. In 
men, the urinary sphincter system consists of a tubular extension of the 
bladder containing elastic tissue with a collar of striated muscle at the 
urogenital diaphragm; in women this system accounts for the whole 
length of the urethra. Incontinence occurs only if both ends of the 
sphincteric system become damaged. The striated muscle is important 
for interrupting micturition, but it does not maintain sustained contrac- 
tion indefinitely. 

Petersen and Franksson of Stockholm (1955) reported the electro- 
myography of the male striated urethral sphincter and the bulbocaver- 
nosus muscle in 10 and 11 patients, respectively. When their patients 
were asked to contract their muscles to stop micturition, there was a 
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sudden burst of activity in the sphincter urethrae, as in the Basmajian- 
Spring findings, and similar activity in bulbocavernosus (Fig. 17.9). This 
agrees, in general, with Basmajian’s early opinion mentioned above, 
namely, that the cloaca-derived musculature contracts simultaneously 
and indiscriminately when one or the other muscle is suddenly con- 
tracted. It also accounts for Mueller’s (1958) erroneous belief that 
levatores ani and the pubococcygeus are the “primary muscles used to 
stop the urinary stream voluntarily.” Indeed, these muscles do also 
contract reflexly when the sphincter urethrae contracts, but they have 
other functions to perform. 

Scott et al (1964) have found such a close association in the activities 
of cloacal musculature that they use EMG of sphincter ani externus for 
the routine indication of activity in the striated urethral sphincter. Study 
of their results reveals that they are indistinguishable from direct record- 
ings from the urethral muscles. 

To elaborate this point further, the electromyography and the mor- 
phology of the external anal sphincter and external urethral sphincter 
were studied in rabbits (J.V. Basmajian and J. R. Asuncion, 1964, 
unpublished; J.V. Basmajian, S. McKay, and R. Hons, 1964, unpub- 
lished). The outstanding finding by both techniques was the inseparable 
nature of the two sphincters. The morphology is intricately linked; 
bundles of one sphincter intermingle in a complex fashion with bundles 
of the other. In rabbits (as in some other mammals) the structure is quite 
primitively cloacal in nature when compared with that in human beings. 
Recently, Gallai et al (1983) convincingly showed that cloaca-derived 
muscles (particularly the female bulbocavernosus, which they recorded 
during labor) have synchronous “and simultaneous” activity. 

Frankkson and Petersén (1955) have also reported EMG studies of 
patients with various disorders in micturition, convincingly demonstrat- 
ing neurogenic sphincteral disturbances in some. Such studies must, of 


Figure 17.9. "EMG records from bulbocavernosus. (A) In voluntary contraction. 
(B) In coughing. Time in milliseconds. Calibration (lower left corner): 100 pV. 
(From |. Petersén and C. Franksson, ©1955, British Journal of Urology.) 
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necessity, be expanded by urologists. Work along this line has been 
reported by Hutch and Elliott (1968). 

Giovine (1959) of Milan has also presented some EMG results from 
the striated sphincter. In addition, he reported histological findings from 
which he concluded that the muscle is made up of red fibers to a large 
extent. The significance of red and white fibers, not being firmly estab- 
lished, must await further study. Meanwhile, Vereecken et al (1975) have 
demonstrated that fatigue ensues rapidly during sustained voluntary 
contraction (even for 1 minute); thus the intensity of contraction waxes 
and wanes, rather than being maintained steadily. Fatigue in the levator 
ani is less pronounced. Women have a high voluntary control of the 
activity in those pelvic floor muscles (Vereecken et al, 1975). 


Pelvic Floor and Urethra in Women 

The pelvic floor or pelvic diaphragm is mostly muscular, is very 
important in parturition, and is generally misunderstood. EMG one 
might suppose, would have been invaluable in clearing up misunderstand- 
ing, but only one group has actually studied the musculature of the 
female pelvic floor—Petersén et al (1955). This is the same Stockholm 
group mentioned before with the addition of a gynecologist, who then 
assumed senior authorship of a second paper on abnormalities of the 
pelvic floor (Danielsson et al, 1956). 

In the first study, Petersén et al, using needle electrodes and without 
general anesthesia, explored: (1) the pubococcygeus, which is the medial 
or most important part of the levator ani and (2) the urethral sphincter. 
The electrodes were inserted through the vaginal wall in 24 normal 
women (about half of whom had borne children). They concluded that 
some subjects were able to relax the sphincter urethrae completely, while 
others were unable to relax it. However, none could relax the pubococ- 
cygeal part of levator ani, even though they were in the “lithotomy 
position.” 

Diminution or complete cessation of activity in the sphincter urethrae 
at micturition (or attempted micturition) agrees with the Basmajian/ 
Spring findings in men (Fig. 17.10). Furthermore, their finding that 
voluntary efforts to contract the one muscle automatically recruits the 
contraction of the others agrees with our impression, already noted 
above, that individual contraction in the perineum is difficult if not 
impossible. Petersen et al (1962) proved in women that voluntary com- 
plete relaxation of the external sphincter was possible, even with a 
partially filled bladder. Voluntary interruption of micturition results in 
a rapid closing of the striated external sphincter; only afterwards does 
the posterior urethra empty relatively slowly in a proximal direction. 
Considerable variations were found in normal persons. 

Petersen et al (1955) reported regional differences in the activity of 
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Figure 17.10. EMG records from normal female sphincter urethrae during 
voluntary contraction (A) and a cough (B) from pubococcygeus during voluntary 
contraction (C), a cough (D), and an attempt to micturate (E). (From | Petersén 
et al., ©1955, Acta Obstetricia et Gynecologica Scandinavica.) 


the sphincter, and they stated that the pattern was more or less related 
to whether the subject had borne children. Nulliparous subjects showed 
little difference in the response of the whole circumference of the 
sphincter while the multiparous subjects had much less or even no activity 
in the dorsal part of the sphincter. This dorsal part, related as closely as 
it is to the vagina, might have been destroyed by laceration in the course 
of childbirth, according to these investigators. Pubococcygeus, however, 
showed no difference attributable to parity. As noted earlier, women 
have a high voluntary control of levator ani (Vereecken et al, 1975). 
Danielsson et al performed EMG explorations with similar techniques 
on women who had recovered from the Manchester reparative operation 
for prolapse but who were still complaining of urinary stress inconti- 
nence. In all of these women there were no EMG signals obtainable from 
the dorsal part of the urethra, suggesting again that the part of the 
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sphincter urethrae next to the vagina had been torn by parturition (Fig. 
17.11). Lesions of the pudendal nerves, either at childbirth or at the 
time of the Manchester operation, may have also played a role. 

In the 1980s, the enormous increase of interest in urinary incontinence 
has led to many new clinical studies, including EMG studies (e.g., Barrett 
and Wein, 1981; Zinner and Sterling, 1981). 


Spinal Reflex Activity from the Bladder 

Bors and Blinn (1957) of Long Beach, CA presented convincing 
evidence that demonstrates the importance of the bladder mucosa in 
influencing the striated musculature of the pelvic floor. Thus, the sphinc- 
ter ani and the sphincter urethrae contract in response to mucosal stimuli 
of the bladder wall. The Basmajian/Spring finding that filling of the 
bladder with more than a few cubic centimeters of water starts up activity 
in the male sphincter urethrae is in agreement with this. The further 
findings of Bors and Blinn (1957, 1959) and of Pierce et al (1960) 
demonstrate that all these reflexes may be grouped simply under one 
generic term, “the bulbocavernosus reflex”; this reflex may be elicited 
from the stimulation of any genitourinary mucosal surface, including the 
glans penis. (See also Nakaarai, 1968; Aranda and Jara, 1969; Allert, 
1969; Ertekin and Reel, 1976; but see the contrary and less convincing 
view of Rattner et al 1958.) 


| 
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Figure 17.11. EMG records of abnormal sphincter urethrae of woman who had 
borne three children and had had a Manchester operation. (B) Ventral part of 
sphincter. (E) Dorsal part (nearest vagina). (A, C, and D) From sides; (F) from 


normal pubococcygeus. (From C-O. Danielsson et al, ©1956, Acta Obstetricia 
Gynecologica Scandinavica.) 
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Detrusor Muscle of Bladder 


Having developed a valid technique with wire electrodes for recording 
EMG activity from smooth muscles of the bladder wall, La Joie et al 
(1976) proved that the spike potentials were of local origin. Simultaneous 
EMG recordings were made from the detrusor muscle and the overyling 
part of the rectus abdominis, showing disparity in their actions. The 
normal detrusor muscle is electrically silent when the bladder is empty; 
it shows increasing activity with filling. If the filling is interrupted, 
accommodation occurs. When the bladder is completely full, EMG 
activity remains high; it gets even higher at the initiation of voiding. 
Then, progressively, EMG activity falls and reaches zero as the bladder 
empties. 


Relationship of Abdominal and Perineal Muscles 


Bors and Blinn (1965) investigated the activity of the rectus abdominis 
in relation to micturition and to contractions of perineal muscles. Before 
or at the onset of micturition, whether on desire or on volition, the EMG 
activity of rectus abdominis usually remained unchanged; also at the 
normal cessation of micturition there was generally little or no reaction 
in most subjects. However, when either micturition was suddenly inter- 
rupted or the external anal sphincter was consciously contracted, activity 
in rectus abdominis usually increased. There would seem to be a related 
contraction of abdominal and perineal muscles, but the exact relationship 
is still obscure. Bors and Blinn’s view is “that phasic contractions of the 
pelvic floor cast their shadow upon the abdominal muscles.” 


EMG of Ejaculation and of Penile Muscles 


In a preliminary study, Kollberg et al (1962) reported the train of 
events recorded electromyographically from the striated external sphinc- 
ter urethrae and adjacent striated muscles. Some seconds before ejacu- 
lation occurs there is a lively contraction in muscles of the urogenital 
diaphragm. The cause or effect of this remains obscure. It may play 
some role in penile engorgement just before ejaculation. On ejaculation, 
the sphincter (and probably its neighbors) contract rhythmically for 15 
to 20 times in about 25 s. These contractions, which must have some 
part in propelling the semen, appear as salvoes of action potentials 
alternating with quiet intervals. Some reciprocity is also noted, i.e., 
activity in the muscles alternates. 

The preliminary study was enlarged and reported by Petersen and 
Stener (1970) and Kadefors and Petersen (1970). The rhythmic EMG 
activity in the striated urethral sphincter is split up into two parts. The 
first is characterized by a comparatively high-frequency content. The 
later part has fewer high-frequency components. Perhaps, these enter- 
prising Swedish investigators will also succeed in recording the state of 
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contraction of the smooth muscle at the neck of the bladder which is so 
often believed to prevent reflux of sperm into the bladder. 

Hart and Kitchell (1966), using special bipolar needles, recorded the 
EMG activity from the penile muscles of dogs—ischiourethralis, bulbo- 
cavernosus, and ischiocavernosus. Different patterns of reflex activity 
were obtained on light stimulation of different parts of the penis. Rub- 
bing behind the bulbus glandis elicited tonic contractions of the ischio- 
urethralis, rhythmic contractions of the other two muscles, and rapid 
penile detumescence. This reflex would seem to be related to normal 
responses in ejaculation. Penile tumescence was then obtained by appli- 
cation of pressure behind the bulbus glandis and by rubbing the urethral 
process; the tumescence was accompanied by the same pattern of activity 
in the three muscles. Stimulation of the corona glandis resulted in tonic 
contraction of the bulbo- and ischocavernosus muscles, again accompa- 
nied by rapid detumescence, but this reflex is not as amenable to 
explanation. 


CHAPTER 18 
Muscles of Respiration 


The muscles usually considered to be the primary muscles of respira- 
tion are the diaphragm and the intercostals, but the following also have 
been implicated as either primary or accessory in respiratory function: 
the scalenes and the sternomastoid in the neck, the musculature of the 
shoulder region including the pectoral muscles and serratus anterior, 
and the anterior abdominal muscles. These “accessory” muscles are 
discussed, but only briefly at the end of this chapter, and reference is 
also made in appropriate places elsewhere to the broader aspects of each 
group of muscles. 

Since the earliest recorded medical history respiration and its mechan- 
ical production have been the subject of inquiry. Both before and after 
Galen, theories waxed and waned. Galen in the second century was 
perhaps the first to direct attention to the action of the intercostals, 
although he did not belittle the role of the diaphragm in breathing. 
Furthermore, he was aware of the two layers of intercostals—external 
and internal. His assignment of inspiration to the former and expiration 
to the latter still reaches down to the present day, causing renewed 
controversy. Such illustrious names as Willis, Hamburger, and Magendie 
continue to appear in any history of the respiratory function, but a review 
of their work here would serve no particular use. 

Toward the end of the 19th century, Martin and Hartwell (1879), 
from crude experiments in anesthetized. cats and dogs, made conclusions 
that were not much different than those of Galen. The history of our 
knowledge of diaphragmatic function unfolded until the turn of the 
century. Newer techniques and medical advancement have increased our 
knowledge of the function of the muscles of respiration but have not 
lessened the arguments. 

In the past decade, EMG has provided a tool which promises to remove 
much of the uncertainty. Already there has been definite progress which 
will be reported in some detail in this chapter. The names of Jones, 
Pauly and Beargie, then of Chicago; Campbell, first in England and now 
at McMaster University in Canada; and Koepke, Smith, Murphy, Rae, 
and Dickinson of Ann Arbor, Michigan all stand out prominently in any 
review of this subject. Contributions have also been made by others; 
these will be mentioned in the appropriate places. Studies on the dia- 
phragm have been particularly voluminous. 

It is convenient first to consider the movements of the ribs and the 
muscles that produce these movements. 
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COSTAL RESPIRATION 


Jones et al (1953) were the first to make a substantial EMG contribution 
to the knowledge of costal respiration. With surface electrodes over the 
upper four internal and external intercostals, the scalene muscles in the 
neck, and the abdominal muscles, they put their subjects through various 
tests. 

The usual concept of normal quiet breathing is that the scalenes anchor 
or fix the first rib while the external intercostals elevate the remaining 
ribs towards the first—this in spite of radiographs showing no approxi- 
mation of the ribs. Jones and his colleagues showed that both sets of 
intercostals in man were slightly active constantly during quiet breathing 
and showed no rhythmic increase and decrease. In contrast with this, the 
scalenes did show a rhythmic increase during inspiration (Fig. 18.1). 
Their role in quiet breathing was confirmed with needle electrodes by 
Raper et al (1966). 

With forced inspiration, the scalenes, sternomastoid, and internal and 
external intercostals showed marked activity (Jones et al, 1953; Raper et 
al, 1966). In contrast, with forced expiration, the scalenes were quiescent 
while the intercostals were still active. Attention was focused anew on 
the scalenes as fundamental muscles of inspiration. 

In 1968 and 1969, with Dr. Mica Fruhling at Queen’s University, J.V. 
Basmajian inserted fine-wire electrodes into the scalenus anterior of eight 
young men and recorded their EMGs in quiet and deep breathing (Figs. 
18.2-18.4). Alas, the premature death of Dr. Fruhling soon after the 
analysis of the data (compounded by Basmajian’s move to Atlanta) left 
these results in limbo until this edition. They clearly support the hypoth- 
esis that the scalene muscles are respiratory muscles. We publish them 
now as a memorial to Dr. Mica Fruhling. 

Jones et al were led to the conclusion that the function of the intercostal 
muscles in respiration is to supply the tension necessary “to keep the ribs 
at a constant distance from each other while the chest is expanded from 
above and contracted from below.” They insisted that passive membranes 
between the ribs instead of muscles would be inadequate because they 
would be sucked in and blown out during respiration. Therefore, they 
would not provide the constant fine control of the rib positions. More- 
over, the intercostals were shown to function in flexion of the trunk (as 
in sitting up from the supine position) and, probably for the first time, 
they were suggested as being postural muscles. 

This group of investigators emphasized the belief that the main role 
in human respiration is performed by the diaphragm, while the intercos- 
tals were necessary for markedly increasing the intrathoracic pressure. 
Thus they were agreeing with Hoover (1922), who showed that a person 
with paralyzed intercostals had a sharp reduction of sucking and blowing 


MUSCLES ALIVE 


410 


(‘psoday 
jeniwojeuy ‘EGLO “Je Ja sauOf *S°q WOl4) ‘sajdAD AsOjyesdsad JUsJayjIP INO} 
SULINP sajsnw JaY}JO pue sje}sODJa}U! PU SaUa]eIS JO SOW INOY “LSE aanBi4 


eaudna 04 
uolqesidxy uorqzeuidsuy] apueyy atdxg uorzeurdsu] 


jpso2 43 AU] WR sTeqsod 19 Ul Uy 


sfeysoduequUl pag 


Teurwopaqy 
vauduedAy eouduadAy 
s]eysOotaqu] puy piokedicuse ae 
ed snurwopge sn qooy snizodety 
f ¢ 
uorqeatdxg uoryeatdsu] uorqesidxg uorqestdsuy 
jeurwopqy ae vurulopqy 
S[eqsodequ] puz Je S]TB4SOIIIZYUT J2qu] pug 
voudsedAy eoudsadAy 
sjeqsods2zUI 4ST STeysoosay{U] aqUy] 4S] 
SdUZTRIG S2UDTLIS 
4 if 


MUSCLES OF RESPIRATION 411 


¥: QUIET BREATHING - SITTING 


EARLY MIDDLE 


LATE EARLY MIDDLE LATE 


STANDARD INSPIRATION EXPIRATION 
DEVIATION 
& 
MEAN I QUIET BREATHING - SUPINE 


x 


EARLY MIDDLE LATE EARLY MIDDLE LATE 
INSPIRATION EXPIRATION 


-0. 


Figure 18.2. EMG results of scalenus anterior—quiet breathing. 


power with comparatively much less embarrassment of quiet respiration. 
Ina later paper, Jones and Pauly (1957) state that perhaps the intercostal 
muscles are “used in nonrespiratory activity more than in ordinary 
respiration.” (See also Pauly, 1957). 

Campbell (1955a) did not agree completely with these American 
workers. Using interspaces (6th, 7th, and 8th) lower than those that they 
had used for recording, he concluded that in quiet breathing the inter- 
costals contract during inspiration and completely relax during expira- 
tion. He went further in his disagreement by stating that considerable 
hyperpnea (forced breathing) still did not recruit intercostals in expira- 
tion (Fig. 18.5) (see also Campbell’s 1958 monograph, Respiratory Mus- 
cles, for further details). 

It appears that the findings of both groups may be correct—the 
apparent disagreement arising from the use of different interspaces for 
the two studies. Koepke et al (1958) showed electrical activity in the Ist, 
2nd, and 3rd interspaces in quiet breathing but none in the 4th, 5th, 
and 7th. The inherent differences that have been revealed have not yet 
been explained, but in their rationalization may lie the final solution of 
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Figure 18.3. EMG results of scalenus anterior—deep breathing, supine. 


the role of the intercostals in breathing. In spite of this indecision, the 
following cannot be ignored: (1) the vital role of the scalenes as ordinary 
respiratory muscles; (2) the possible role of the intercostals as primarily 
psotural muscles; (3) the marked differences in activity which are found 
between different interspaces; and (4) the primary role of the diaphragm 
in respiration. 

In deeper breathing, Koepke et al (1958) showed that the lower 
intercostals that were so noticeably silent. in quiet breathing became 
progressively recruited in descending order until even the lowest became 
active on very deep inspiration. This pattern of recruitment is further 
discussed below (p 421). Hirschberg’s (1957) studies on patients with 
partial respiratory paralysis tended to confirm the findings for normal 
patients. Generally, the intercostals are recruited during inspiration but 
not during expiration. Morosova and Shik (1957) of Moscow, from an 
electromyographic study of respiratory muscles, concluded that in pa- 
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tients with various respiratory deficiencies extreme augmentation of the 
electrical activity occurs. This suggests that there is some form of com- 
pensatory stimulation via the respiratory center of the central nervous 
system. 

A clear direct relationship has been shown by Viljanen (1967) of 
Helsinki between the electrical and the mechanical recording of human 
intercostal muscles during voluntary inspiration. 

Draper et al (1957) and then Taylor (1960) reawakened the Galenic 
teaching that the external and internal intercostals had different func- 
tions. Although many other workers could find no evidence for this with 
standard needle electrodes, Taylor succeeded in a long series of human 
subjects by probing with very fine needle electrodes. He demonstrated 
that there are two functionally distinct layers of intercostal muscle 
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Figure 18.4. EMG results of scalenus anterior—deep breathing, seated. 
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Figure 18.5. EMG records of intercostal muscles (3rd and 7th intercostal spaces 
(I.C.S.)—3 1.C.S. and 7 1.C.S.) and of external oblique of the abdomen (E.O.) 
along with spirometry (Resp.). (From E.J.M. Campbell, ©1955a, Journal of Physi- 
ology.) 


everywhere except anteriorly in the interchondral region and posteriorly 
in the areas medial to the costal angles. 

Where there are two functional layers, the superficial one (external 
intercostal) acts only during inspiration, and the deeper (internal inter- 
costal) acts during expiration. Thus, Taylor seems to have proved in 
man what has been common experience in experimental animals for 
centuries. 

Taylor found that in quiet breathing what EMG activity that occurs is 
limited to the parasternal region during inspiration—here there is only 
one functional layer, and it is exclusively internal intercostal. This 
explains why other workers, who usually study internal intercostal in this 
very place because here it is not covered by the external intercostal, have 
generally considered internal intercostal to be inspiratory. Indeed, this 
part of it is inspiratory, according to Taylor. Yet, to confuse the issue, 
Nieporent (1956) found this same part to be active in expiration, and 
Boyd (1968, 1969) found and emphasized that in rabbits both external 
and internal layers acted only in inspiration. (See also the discussion of 
work of Hirschberg et al on p 426). 
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During expiration, in quiet breathing, Taylor found EMG activity 
limited to the lower lateral part of the thoracic cage and coming from 
the internal intercostals. Apparently, he found no external intercostal 
activity whatsoever in quiet breathing. 

His finding of intercostal expiratory activity even in quiet breathing, 
if true, shakes the old theory that expiration is entirely passive. Probing 
deeper, Taylor found that the transversus thoracis is purely expiratory 
in function—including its parts known as sternocostalis, intercostales 
intimi, and subcostalis. 

More vigorous respiratory effort brings the layers of muscular activity 
into reciprocal action all over the chest wall. Now the external layer is 
entirely inspiratory and the internal layer expiratory. Taylor suggests 
that these two layers exert opposite rotational forces on individual ribs 
around their long axes. At this point, obscurity creeps into the interpre- 
tation that one might put on the role of such possible rotation; no 
purpose is served in speculating further here. 


EMG of Intercostals during Phonation 


Since the early and unsubstantiated work of Stetson (1933), no great 
progress was made in this type of study until the 1960s. Hoshiko (1960, 
1962) investigated the sequence of activity during phonation from the 
intercostals and rectus abdominis. Whatever the speech material and 
rates of utterance may be, the internal intercostals are always recruited 
first, followed by the rectus abdominis and then the external intercostals. 
Action potentials disappear at the end of phonation in the external 
intercostals. 

Hoshiko believes (confirmed verbally in 1981 to J.V.B.) that the 
internal and external intercostals cooperate in releasing a syllable, i.e., 
initiating the simple pulse associated with syllabication. Contrary to 
Stetson’s teaching, the external intercostals are not involved in terminat- 
ing the syllable movement. 

Extending this type of work to connected speech in native English- 
speakers, Munro and Adams (1971, 1973) found similar EMG patterns 
in the internal intercostal muscles for the utterances of rhymes, fabricated 
sentences with rhythm similar to rhymes, and prose passages. Thus, a 
preliminary burst of activity before each phrase was followed after an 
interval by increasing activity in the utterance of the phrase. Activity 
increased further through each phrase of the sentence. However, phasic 
activity was not apparent in the external intercostals. The localized burst 
of activity in the internal layer seems to contribute to the increased 
intrathoracic pressure necessary to overcome the resistance of the glottis 
and later—during the utterance—it may help to maintain an adequate 
intrathoracic pressure despite diminution of lung volume. 
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DIAPHRAGM 


As indicated above, the main respiratory muscle, at least in man, is the 
diaphragm. Most EMG studies of this vital muscle—except the most 
recent ones—have been indirect. Admittedly, studies of the diaphragm 
in experimental animals under anethesia are not rare, but, being con- 
ducted under highly unphysiological conditions, they cannot give defin- 
itive answers to a vital problem. For example, an EMG study by Di 
Benedetto et al. (1959), which appears to be as technically acceptable as 
most such studies, used dogs that were actually hepatectomized, in 
addition to their bellies being left wide open during the tests. To be fair 
to these workers, they were not attempting to categorize the actions of 
the diaphragm in detail. However, many of the statements on diaphrag- 
matic function in the textbooks are based on exactly this type of obser- 
vation, with or without EMG. 

The function of the diaphragm has been of longstanding interest. 
Recognition of its importance dates back to Hippocrates, but he attrib- 
uted no movement to the diaphragm. During the past 100 years, various 
comprehensive studies (see Boyd and Basmajian, 1963) showed that the 
diaphragm—at least when stimulated electrically—expands the base of 
the thorax by moving the ribs upward and outward. Other studies 
combining fluoroscopy and spirometry showed that a change from the 
erect to the supine position causes marked alteration in the pattern of 
diaphragmatic movement in man. 

J.C. Briscoe (1920) and G. Briscoe (1920) postulated that the dia- 
phragm is a tripartite organ consisting of the right and left costal parts 
and the crura forming one part. This view was supported by the fact 
that the costal and the crural parts develop from different muscular 
sheets. 

Research on anesthetized rabbits by Wachholder and McKinley (1929) 
showed that the diaphragm was almost continuously active during quiet 
breathing with only brief relaxation during expiration. Campbell’s (1958) 
attempts to confirm these findings in normal human subjects with surface 
electrodes met with disappointing results because of the intervening mass 
of bone, cartilage, and lung. Studies of diaphragmatic activity in many 
species, ascribed to Chennells by Campbell (1958), apparently showed 
that there is no activity during expiration. In human subjects Nieporent 
(1956) and Draper et al (1957) found that diaphragmatic activity could 
be obtained with needle electrodes during inspiration, but there was 
none during expiration. However, other workers, also using needle 
electrodes, showed that diaphragmatic activity in man could be recorded 
during both inspiration and expiration (Koepke et al, 1958; Murphy et 
al, 1959; Petit et al, 1960). Bahoric and Chernick (1975) showed with 
EMG techniques that in fetal sheep diaphragmatic activity is present 
although minimal. 


MUSCLES OF RESPIRATION 417 


Over the years, then, little if any advance had been made in our 
understanding of the total function of the diaphragm. This fact led to a 
detailed investigation in which recordings were made simultaneously 
from indwelling multiple electrodes (up to 16) along with spirometric 
tracings in conscious rabbits. The correlated results provided the first 
complete account of the activity of the whole diaphragm in quiet breath- 
ing (Boyd and Basmajian, 1963). 

A series of 25 adult male rabbits had multiple clip electrodes implanted 
in their diaphragms at open operation. Following postoperative recovery, 
EMG and spirometric data were collected under normal physiological 
conditions. A color motion picture demonstrates the techniques (Bas- 
majian and Boyd, 1960). 

The rabbit’s diaphragm, like man’s, is divided clearly into eight left 
and eight right muscular slips or digits. Each side of the diaphragm has 
one sternal slip, six costal slips, and a lumbar slip from the aponeurotic 
arches and crus. The muscular slips may be numbered anteroposteriorly: 
sternal slip, 1; costal slips, 2 to 7; and lumbar slip, including fibers from 
the crus, 8. 

The question as to whether the diaphragm is functionally a single 
muscle, or two functional halves, or a tripartite organ with a lumbar or 
crural portion and two costal portions was answered conclusively: all 
portions of the diaphragm contract simultaneously. Almost certainly, the 
whole diaphragm normally functions as a unit. This is true also in the 
cat, as shown by Sant’Ambrogio et al (1963) and Grassino et al (1976). 
Most likely it is true in all mammals. 


PHASES OF RESPIRATION 


One of our main findings was the quiet respiration includes not only 
the two simple opposite phases of inspiration and expiration but also a 
static phase before each. These we have called preinspiration and preex- 
piration. In duration, they are much shorter than the air-moving phases; 
nonetheless, the static phases make up an appreciable part of the respi- 
ratory cycle. They would appear to correspond to the well-known inspi- 
ratory and expiratory “pauses” in man. 

Preinspiration 

This static phase, which occurs prior to inspiratory air movements, 
lasts from 20 to 120 ms. During preinspiration, the activity is rarely 
greater than 1 +, or slight. 

Other workers noted activity occurring in the diaphragm before the 
onset of active inspiration without recognizing a static phase. With needle 
electrodes, Koepke et al (1958) determined from spirometric tracings 
that the onset of contraction in human subjects occurred as much as 4 
second before the onset of inspiration. This finding was confirmed by 
Taylor (1960); potentials began immediately before inspiratory airflow, 
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increased rapidly to a maximum, and died away in the first half of the 
expiratory phase. Similar findings were reported by Petit et al (1960), 
using esophageal electrodes in man. 

Inspiration 

Inspiration is an increase in the volume of the thorax with an actual 
inward flow of air. The diaphragm contracts and increases the cavity in 
a caudal direction and perhaps in the ventrodorsal and lateral directions 
as well. The motor units of the diaphragm increase their rate of firing 
at the onset of inspiration, and as this phase proceeds, new units are 
added or “recruited” so that the inspiratory effect gains force as it 
proceeds (Bergstrom and Kertula, 1961; Lourengo et al, 1966). As 
inspiration continues, the individual motor units in the diaphragm accel- 
erate in rate, resulting in a progressive increment in the strength of 
contraction of each unit. With an increase in the number of active units 
and by augmentation in the firing rate of each unit, inspiration reaches 
its peak. In all but an insignificant number of records, activity was 
recorded throughout the entire inspiratory phase. Indeed, activity was 
continuous throughout both preinspiration and inspiration. However, 
the level of activity fluctuates over these phases (Boyd and Basmajian, 
1963). 

The entire inspiratory phase in rabbits last from 300 to 550 ms (and 
rarely longer). This inspiratory phase may be divided for convenience 
into four quarters. Of course, the length of these varies with the length 
of each phase, which in turn depends on the respiratory rate. 

The peak of the inspiratory motor unit activity terminates some 30 to 
40 ms before the end of inspiration. In most instances, the peak is 
followed by a rapid decline—and in some instances by a very sharp 
drop—to the baseline, where varying degrees of activity continue to the 
end of the fourth quarter of the inspiratory phase. A similar finding was 
reported by Koepke et al, indicating that the diaphragmatic voltage 
pattern in man consistently reached its greatest amplitude at or slightly 
before the end of inspiration; then it tapered to its stopping point in 
what was considered to be expiration in man, but EMG silence following 
inspiration occurred in 44% of the recordings in rabbits. 

At the onset of inspiration, almost all of our recordings (98%) showed 
a carryover of preinspiratory activity into the first quarter of inspiration. 
Then, in all of the recordings, activity was present throughout the second 
and third quarters of inspiration. During the first quarter of inspiration, 
in general, the diaphragm is only slightly active. The motor units of the 
diaphragm do not begin to increase their firing rate during quiet breath- 
ing until the second quarter of the inspiratory phase is reached; most of 
the recordings (74%) show moderate activity by that time. One might 
postulate that the intercostals play the main role in the first quarter. 
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The third quarter of inspiration forms the peak for inspiratory activity 
during quiet normal respiration with 76% of our recordings showing 
marked activity. Nonetheless, in a substantial number (12%), the activity 
remains only slight during the third quarter. 

The activity in the third quarter of inspiration, whatever its character, 
is carried into the fourth quarter. In 76% of the recordings the great 
activity recorded during the third quarter continued into the fourth 
quarter and stopped some 20 to 40 ms before the termination of the 
inspiration. However, the great activity at the peak of the inspiration 
does not continue throughout the entire fourth quarter. The fourth 
quarter thus can be divided into two unequal parts, the line of demar- 
cation being the terminal point at which the muscular activity ceases. 
Thus, during the first part of the last quarter, 76% were markedly active, 
and the remainder were moderately or slightly active (12% each). 

Great activity, when it did occur at the end of inspiration (7%), was 
never carried into preexpiration (Boyd and Basmajian, 1963). 


Preexpiration 


The static phase of preexpiration usually lasts from 20 to 50 ms (and 
somewhat longer in some cases). EMG activity is slight or absent (44% 
and 56%, respectively) in this phase. 

Preexpiration is a regular precursor of expiration. Studies on the 
human diaphragm by Murphy et al during passive expiration seemed to 
show that electrical activity occurred even though each subject had been 
instructed to relax after taking in a breath. They found that an increase 
in the duration of activity during expiration was directly related to the 
depth of the preceding inspiration. These findings could not be con- 
firmed by Boyd and Basmajian, for most of the recordings were taken 
during quiet respiration and, of course, they were in nonhuman subjects. 


Expiration 

Expiration, the last phase in the respiratory cycle, consists of a decrease 
in the volume of the thorax with air moving outward. One way that this 
might be accomplished actively is the contraction of the abdominal 
muscles forcing the diaphragm up into the thorax. During quiet breath- 
ing, however, expiration is generally regarded as passive. Nonetheless, 
activity in the diaphragm is recorded during expiration. In almost every 
instance, the (slight) activity that Boyd and Basmajian recorded during 
expiration lasted for a longer period of time than did the greater activity 
that occurred in inspiration. Previous to those findings, Murphy et al 
reported that the activity continued through as much as 98% of expira- 
tion; Agostoni et al (1960) found activity persisting into the early part of 
expiration in human diaphragms. 

Many varied opinions exist on the activity of the diaphragm during 
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expiration. The literature includes only one study specifically in the 
rabbit (Wachholder and McKinley, 1929). This report indicates that the 
diaphragm is almost continuously active during quiet breathing with only 
a very brief period of nonactivity during expiration. In contrast, using 
needle electrodes, Nieporent (1956), Campbell (1958), and Draper et al 
(1957) found no diaphragmatic discharge during the expiratory phase 
in man or in animals. 

Murphy et al (1959) found no activity originating in the human 
diaphragm during forced expiration; they reported that activity occa- 
sionally carried over from deep inspiration but always stopped abruptly 
at the onset of a forced expiratory effort. In patients with transverse 
myelitis, irrespective of the size of the preceding inspiration, diaphrag- 
matic voltages were not found during a forced expiratory effort. During 
passive expiration, activity always continued from inspiration into expi- 
ration, and this pattern was like that in normal subjects. 

During quiet breathing in man (Petit et al, 1960) activity started in 
the diaphragm at the beginning of inspiratory flow, increased in intensity 
through inspiration, and persisted after the onset of expiration but with 
decreasing intensity. A similar pattern occurred during increased venti- 
lation, with the difference that the activity started before the beginning 
of inspiration. Some workers tend to agree that there is a carry-over of 
inspiratory activity into the expiratory phase, but none indicates either 
how far into the expiratory phase this activity extends or the degree of 
activity carried into expiration. 

In most of the Boyd/Basmajian recordings (63%), some activity oc- 
curred throughout the entire expiratory phase. Complete absence oc- 
curred in only 14%. Almost always the diaphragm is active during the 
last quarter of expiration. One possible reason why activity carries into 
or continues throughout expiration is that activity in the diaphragm 
during passive expiration is a braking action to oppose the normal elastic 
recoil of the lungs (Murphy et al, 1959). In effect, it is not a true 
expiratory effort. Agostoni and Torri (1962) hold like views from like 
findings in man. However, they implicate reflexes to balance the antag- 
onist activity of the abdominal wall muscles. Delhez et al (1963 et seq) 
discount the importance and even question the occurrence of activity at 
the end of forced expiration. 

The anatomical structure of the diaphragm supports this view because 
all of its fibers are arranged in radiating fasciculi inserting into the 
central tendon. Shortening of the fibers can only cause a flattening of 
the dome and so actually resist the production of an expiratory force. 
Furthermore, no electrical activity could be recorded during forced 
expiration in human subjects. 

According to Campbell, the rate of airflow at the onset of expiration 
does not rise rapidly to a maximum (as would be expected if the muscles 
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of inspiration relaxed immediately), indicating that during the early part 
of expiration the muscles of inspiration decrease their force of contrac- 
tion only gradually. He further states that there is a persistence of 
intercostal activity during the early part of expiration. Although no 
direct reference to the diaphragm is made, he reports that measurements 
of the work of breathing based on pressure-volume diagrams suggest 
that the muscles of inspiration may exert considerable force in opposing 
the elastic recoil of the lungs during expiration. One may conclude, then, 
that the slight activity recorded from the diaphragm during expiration 
is a braking action to oppose the normal elastic recoil of the lungs. 

Koepke et al (1958) at Ann Arbor, MI, also made a concerted attack 
on problems of the respiratory muscles, including the diaphragm. They 
used needle electrodes in the diaphragm in several human subjects. 
These electrodes were inserted through the 11th intercostal space into 
the muscular digit of the diaphragm that arises from the 12th rib. We 
must keep in mind the limitations imposed by this localization of pickup 
(in a muscle which, in the findings on rabbits, may act somewhat differ- 
ently in its various parts). With ordinary inspiration, the diaphragm 
became active before any of the intercostals and before the flow of air 
by as much as a quarter of a second. During quiet breathing the 
diaphragm never failed to act in inspiration, although some of the 
intercostals were only recruited with deeper breathing (see above). 

The same group, with Murphy as senior author (1959), reported on 
the EMG activity during expiration. They insisted that the diaphragm 
always shows electrical activity as a carry-over into the early stage of 
passive expiration (Fig. 18.6). The diaphragm consistently showed its 
greatest activity at or slightly before the end of inspiration; this tapered 
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Figure 18.6. EMG signal from diaphragm. (From A.J. Murphy et al, ©1959, 
Archives of Physical Medicine.) 
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off to silence in early expiration. The duration of activity in the dia- 
phragm during expiration was directly related to the depth of the 
previous inspiration. In some instances, the activity continued through 
as much as 98% of expiration. None of the intercostal muscles showed 
the same degree of carry-over of activity as did the diaphragm. During 
quiet breathing, only the diaphragm showed such expiratory activity. 

During induced hyperinflation, Martin et al. (1980) found that the 
volume of hyperinflation is influenced by persistent activity of the res- 
piratory muscles in expiration. This is due to the inspiratory intercostal 
and “accessory” muscles (e.g., scalenes) rather than the diaphragm, which 
is almost silent in ordinary expiration. 

Murphy et al suggest that the activity of the diaphragm during passive 
expiration may be a braking action “to oppose the normal elastic forces 
of the lungs rather than the exertion of a true expiratory effort.” 
Observing that the fibers of the diaphragm radiate from the central 
tendon, they too believe that activity of the muscle can only flatten and 
lower the dome. Furthermore, no activity in the diaphragm was seen 
during forced expiration, which appears to confirm their thesis. 

A large and vigorous group of investigators in Liége, Belgium (Petit 
et al, 1960) devised a novel technique for diaphragmatic EMG in con- 
scious man. The electrical activity was detected by means of electrodes 
passed down the esophagus to the level of the diaphragmatic esophageal 
hiatus. In four normal persons they found the activity to be synchronous 
with the respiratory variations of intra-abdominal and intrathoracic 
pressures. Potentials occurred from the onset of inspiration and increased 
in intensity. They continued into expiration for a varying length of time 
with decreasing intensity. During increased ventilation, potentials began 
immediately before inspiration rather than just at its onset. For further 
details of the work of the Liege group, see Delhez and Petit (1966), 
Delhez et al (1968), and Petit et al (1968). 

Admittedly, the intraesophageal electrodes pick up potentials only 
from the crural fibers of the diaphragm, but this does not invalidate the 
results. Although in the future investigators may show some variations 
between various parts of the diaphragm, no major differences are likely 
to be revealed. In any case, the approach of Petit’s group to diaphrag- 
matic EMG is a promising one. 

Similar (and successful) techniques were used by Miranda and Lour- 
enco (1968), Hixon et al (1969), and Onal et al (1979) for technical 
investigations beyond our present concerns. The recent demonstration 
by Trelease et al (1982) of the efficacy of the fine-wire electrode 
technique inserted chronically into the crura of cats, promises a major 
advance in research on the diaphragm. Somewhat related to the trans- 
esophageal EMG technique for the diaphragm are the esoteric EMG 
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studies of the esophagus itself, although they present a quandary as to 
where to fit these interesting studies in this book. Interested readers 
should consult Coman and Car (1970) for a description of swallowing as 
it affects esophageal reflex contractions produced by stimulation of the 
vagus and superior laryngeal nerves and Tokita et al (1970) for a study 
of normal and abnormal functions. 


BREATH-HOLDING AND SNORING 


Agostoni (1963) has reported a curious diaphragmatic activity during 
human breath-holding. After an initial silence, a marked discharge occurs 
and repeats at progressively higher rates until the breaking point. These 
are ineffectual respiratory efforts that cause a fall of intrathoracic pres- 
sure apparently because the glottis is clamped shut by effort. Agostoni 
et al (1960) found a rather similar fluctuation during the very brief 
episode of either coughing or laughing. Readers interested in intercostal 
EMG during snoring should consult the work of Laugaresi et al (1975). 


QUADRATUS LUMBORUM AS AN ACCESSORY 


In a later study using the earlier Boyd/Basmajian techniques, Boyd et 
al (1965) showed that quadratus lumborum acted simultaneously with 
the diaphragam to stabilize the rib, which might otherwise be elevated. 
Thus quadratus acts in concert with the diaphragm as a respiratory 
muscle; furthermore, its activity coincides with the diaphragm to produce 
the normal braking action during expiration noted on p 420. 


DIAPHRAGM-INTERCOSTAL INTERRELATIONSHIP 


Although many generalized statements have been made in the litera- 
ture (both of respiration and of EMG) about the interplay of diaphrag- 
matic and intercostal activity, only the work of the above-mentioned Ann 
Arbor group (Koepke et al, 1958; Murphy et al, 1959) and the rabbit 
studies appear to cast any direct light on their relationship (Boyd and 
Basmajian, 1963; Boyd, 1969). 

In human quiet respiration, the diaphragm became active a 4 second 
before the onset of inspiratory air flow as measured by spirometry. 
Furthermore, this occurred before any activity in any intercostal muscle. 
The intercostals that were recruited earliest were the first topographical 
pair (i.e., the first intercostal muscles). Then, the recruitement proceeded 
progressively to include lower and lower intercostals. With quiet breath- 
ing the diaphragm was always active in inspiration, the Ist intercostals 
usually were, and the 2nd intercostals occasionally were. All the others 
were inactive. During inspirations deep enough to call upon all the 
intercostals, the onset of activity advanced progressively in successively 
lower intercostals. 

During natural passive expiration (as distinct from forced expiration) 
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these workers found that a carry-over of activity was also present in the 
intercostals. Among them, the lowest intercostals were more important 
than the highest, the duration decreasing sequentially from the 1 1th pair 
upwards. 

Although no activity was found in the diaphragm during forced 
expiration, intercostal activity was almost always present. The likelihood 
of such activity was related to the volume of air in the lungs at the end 
of inspiration. When intercostal activity was present during forced expi- 
ration, the recruitment again was progressively upwards from the lowest 
intercostals to the highest. 

Murphy and his colleagues postulated that when the intercostals are 
recruited sequentially from below upwards during forced expiration, the 
lower portion of the thorax becomes relatively smaller than the upper 
to produce a desirable pressure gradient within the chest to empty the 
lungs. This remains pure hypothesis and is not particularly convincing. 

During active REM sleep in the supine position, a sharp drop occurs 
in intercostal muscle activity and rib cage movements compared with 
quiet sleep and the awake upright posture—which are about the same 
(Tusiewicz et al, 1977). 


OTHER RESPIRATORY EMG STUDIES 


Fink et al (1960) used the integrated rectified EMG signals from 
patients during general anesthesia to study the threshold of the respira- 
tory center. Although their study revealed nothing about the normal 
functioning of the diaphragm, it did show the feasibility of human 
diaphragmatic EMGs. They inserted unipolar needle electrodes into the 
diaphragm through the 8th, 9th, or 10th intercostal space and success- 
fully obtained recordings. Their main findings relating to the onset of 
apnea revealed—as indicated by cessation of diaphragmatic potentials— 
that it occurs when the average alveolar carbon dioxide tension or 
pressure falls to 38 mm Hg. Diaphragmatic activity reappears as the CO2 
tension rises above this value, the stimulus acting through the COs- 
sensitive respiratory center. 

The studies of Bjérk and Wahlin (1960) on the effects of the muscle- 
relaxant drug succinylcholine upon the cat diaphragm would be of 
interest to a very few readers and are mentioned here for completeness 
only. The effect of the drug is to disturb the synchronization of parts of 
the motor unit and to cause a progressively decay of motor unit potentials 
down to individual fiber potentials. This effect is peripheral rather than 
central. 

Di Benedetto et al (1959) used EMG combined with phrenic nerve 
stimulation to investigate the innervation of the diaphragm in dogs. They 
found that, contrary to widely held opinion, the muscle mass to the right 
of the esophageal hiatus was commonly innervated by both phrenic 
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nerves, i.e., the right crus was bilaterally innervated in about one third 
of cases. However, they found no instance in which left crus was bilat- 
erally innervated. 

Jefferson et al (1949), who also worked with dogs, found complete 
paralysis of the left hemidiaphragm with left phrenicotomy. This (1) 
confirms the above findings and (2) confirms the teaching (which has 
been often challeged without adequate evidence) that the only innerva- 
tion of the diaphragm is the phrenic nerve. 

Sant’Ambrogio and Widdicombe (1965) have studied respiratory re- 
flexes from the diaphragm and intercostals in rabbits to assess their 
strength. They used individual MUAPSs as a direct and quantitative 
measure of activity before and after vagotomy. There is little doubt from 
their results that proprioception plays an important part in driving the 
respiratory muscles. Guttmann and Silver (1965), approaching the prob- 
lem quite differently, i.e., by studying the reflex activity in the intercostals 
of tetraplegics, confirm the role of stretch reflexes in respiratory mus- 
cular activity. 

Youmans and his group at the University of Wisconsin studied the 
“abdominal compression reaction” by means of EMG records from the 
diaphragm and intercostal muscles of anesthetized dogs (Briggs et al, 
1960). This reaction is initiated by procedures which cause a decrease in 
central blood volume, and it consists of a steady state of activity of 
abdominal muscles rhythmically interrupted by breathing. In some in- 
stances,the intercostal muscles show no action currents while in others 
they show a burst of activity during inspiration and again during the 
abdominal compression reaction. The steady-state contraction of the 
external oblique abdominal muscles commonly begins while expiration 
is in progress and reaches a maximum after completion of expiration. 
When a strong abdominal compression reaction is present, the initial 
phase of inspiration is the movement of the diaphragm caudally, related 
to sudden inhibition of the abdominal compression reaction and a cor- 
responding decrease in intra-abdominal pressure. The diaphragm begins 
to move caudally because of less pressure on the abdominal side (and not 
because of motor activity), and it continues to move as a result of its 
contraction, according to Youmans and his colleagues (1963). 

Delhez and various colleagues in Liége, Belgium, have made an im- 
portant series of contributions to the literature of respiration and dia- 
phragmatic function over several years (1963 et seq). The amount of 
activity in the diaphragm in human subjects was found to comply pro- 
portionately with the ventilation up to 50 or 60 liters/minute. Above 
that, EMG activity rises more rapidly than the ventilation, apparently to 
counteract elastic forces and antagonistic activity (Delhez, 1964; Delhez 
etal, 1964a—d). Their insistence that strong diaphragmatic activity occurs 
during forced expiration has created considerable attention and contro- 
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versy without satisfactory resolution as yet. Their views, expanded upon 
in a long review written by Petit et al (1965), are interesting, but fuller 
consideration is out of place here. Also interesting to some readers will 
be the EMG work of Kelsen et al (1976) on the neural responses of 
respiratory muscles during elastic loading and that of Sharp et al (1976) 
and Lopata et al (1976) in evaluation of respiratory regulation. 


Motor Units in Diaphragm 


Even in the highly developed human diaphragm, the muscle is quite 
thin, and likely there is a great lateral spread of fibers belonging to one 
motor unit. To test this hypothesis, Krnjevic and Miledi (1958), at the 
Australian National Univesity in Canberra, investigated the distribution 
of single motor units in the rat diaphragm electromyographically using 
a “phrenic-hemidiaphragm” preparation. They found the fibers of one 
motor unit irregularly scattered over an area of several millimeters. They 
also found that the motor units were considerably intermingled. 


ACCESSORY RESPIRATORY MUSCLES 


The muscles which are usually considered to be accessory respiratory 
muscles are the following: the muscles of the vocal cords (discussed on p 
442); sternomastoid and scalenes in the neck (pp 466 and 467); abdom- 
inal muscles (p 395); pectoral muscles (p 266); serratus anterior (p 267); 
and trapezius (p 265). As pointed out in the appropriate sections of this 
book, the scalenes should be considered primary respiratory muscles; the 
abdominal muscles are certainly accessory respiratory muscles; and, 
generally, the upper limb muscles (including serratus anterior) take no 
part in quiet or even labored respiration—except under highly abnormal 
conditions, diseases, and postures (Grénbaek and Skouby, 1960). 

Nieporent (1956) found that there was no activity in pectoralis major 
during quiet breathing, but during maximal inspiration some slight to 
moderate activity appeared. During dyspnea, it functions primarily in 
inspiration as an accessory muscle. Campbell (1954, 1958) found some 
activity only during very deep inspirations in trapezius (upper part), 
latissimus dorsi, pectoralis major and minor, the serratus anterior. On 
the other hand, Tokizane et al (1954) reported activity with ordinary 
breathing in some of these muscles but, being unconfirmed by later 
studies, their findings are subject to serious doubt. 

In patients with complete diaphragmatic paralysis, Hirschberg et al 
(1962) found that most could breath quietly by using their accessory 
muscles. Surprisingly, the intercostals (whose viability could be proved 
by other tests) were the least active during quiet breathing; the abdominal 
muscles were the most active. Accessory muscles in the neck (although 
they were partially paralyzed in the patients with poliomyelitis) were also 
quite active. Of course, readers of p 406 would expect this. Guttmann 
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and Silver’s (1965) finding that the intercostals of tetraplegics resumed 
reflex activity is of some importance. This developed in response to 
stretch reflexes initiated by the diaphragm or the “accessory” muscles of 
the neck (mainly sternomastoid). 

Ogawa et al (1960) at Michael Reese Hospital in Chicago found in 
dogs that the following muscles had no respiratory function: digastric; 
masseter; levator nasolabialis; scutularis; cervicoauricularis; splenius; bra- 
chiocephalicus; trapezius; rhomboideus; supraspinalis; infraspinalis; del- 
toid; semispinalis; serratus anterior; pectoralis superficialis and profun- 
dus; serratus posterior superior and inferior; and psoas. In contrast, they 
consistently found respiratory activity in the following canine muscles: 
nostril; intrinsic laryngeal; scalenus anterior; intercostals; rectus abdom- 
inis; external and internal obliques; and transversus abdominis (Fig. 
18.7). 


CHAPTER 19 


Mouth, Pharynx, and Larynx 


Until 1958, electromyography of the mouth and pharynx was virtually 
an unexplored frontier, and even now the tongue—although it is an 
obvious and accessible muscular mass—has not been adequately ex- 
plored. Indeed, only one systematic study had been done on the functions 
of the intrinsic or extrinsic muscles of the tongue before the second 
edition of this book appeared in 1967. Furthermore, the easily accessible 
musculature of the floor of the mouth (i.e., mylohyoid, etc.) also has 
been badly neglected until later. On the other hand, the palate and the 
pharyngeal constrictors have now been well explored by several groups. 

Insofar as the palate and pharynx are concerned, this chapter will deal 
chiefly with studies employing intramuscular electrodes, supplemented 
by those of clinical electromyographers. Also to be discussed at the end 
are the reports on the EMG of the larynx. 


TONGUE AND MOUTH 


Bole (1965), the first to use inserted wire electrodes for the tongue, 
performed definitive studies of the actions of genioglossus muscle. He 
found that the right and left muscles act together with approximately 
similar EMG response during many general movements of the tongue— 
even lateral shifts. The greatest activity appeared when the tongue met 
resistance. Surprisingly, little activity accompanied protrusion of the 
tongue unless it was against the back of the incisor teeth. 

Bole showed that there may be several different patterns of glossal 
movement during swallowing. The duration of activity in genioglossus 
ranged from 1.42 to 2.74 s and appeared in two or more bursts. Generally 
the bursts were at the onset of swallowing and after the substance had 
left the tongue. Bole’s pioneer work on the human tongue, because it 
gave great promise of revealing the true functions of this vital organ, 
was partially followed up by Basmajian and his colleagues and by scattered 
investigators elsewhere. Thus, in an investigation of the activity of the 
paired genioglossus and geniohyoid muscles of 26 human subjects during 
deglutition, a general pattern of muscular activity was revealed involving 
an initial buildup, gradual summation, and tapering of electrical poten- 
tials during swallowing of both saliva and water (Cunningham and 
Basmajian, 1969). There is an observable difference in the pattern of 
swallowing of individuals within a group and among the individual 
swallows of a single subject (see Fig. 19.1). 

There are longer periods of electrical activity during a saliva swallow 
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Figure 19.1. Schematic drawing of genioglossus and geniohyoid muscles show- 
ing the position of the needle cannulae before their withdrawal. Small hooks at 
end of fine wires will hold them in place. (From D.P. Cunningham and J.V. 
Basmajian, ©1969, Anatomical Record.) 


than during a water swallow. The type of bolus also seems to affect the 
pattern of activity in the individual muscles as well as the length of time 
that they are working. The geniohyoid muscles do not appear to begin 
their activity with the genioglossus muscles but rather lag behind, and 
they do not appear to be active for as long. Both pairs of muscles appear 
to remain active during and after the time that the bolus has passed the 
area of the laryngopharynx. A period of electrical silence occurs prior 
to the characteristic burst of activity associated with a swallow. This 
appears to be the result of an active inhibition (Cunningham and Bas- 
majian, 1969). 

The “tongue-safety” function of the genioglossus muscle has been the 
special interest of Sauerland in Galveston, Texas (Sauerland and Mitchell, 
1975; Sauerland and Harper, 1976). More active during inspiration both 
during working and sleeping hours, the muscle prevents obstruction of 
the airway. The glossopharyngeal part of the superior pharyngeal con- 
strictor (“myloglossus muscle”) acts as an antagonist (Jude et al, 1975). 
Of special interest to dentists is the finding of Lowe and Johnston (1 979), 
whose computer-based system to compare activities of genioglossus, 
masseter, and orbicularis oris muscles revealed that postural tongue 
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activity could play an important role in the development of the anterior 
dentition. 

Muscles in the floor of the mouth related to the tongue were studied 
by Basmajian and various colleagues. The geniohyoid, anterior belly of 
digastric, mylohyoid, and genioglossus muscles of 20 human subjects 
were studied electromyographically to determine the temporal relation- 
ships of their activities during the act of swallowing. Although the firing 
order of the four muscles varied within the same subject, the best estimate 
of the “true” firing sequence was established for each of the 18 subjects 
who provided statistically significant data. However, no definite universal 
pattern could be established for the four muscles because there was great 
intersubject variability in both the duration and the sequence of activity. 
Therefore, at least with respect to these four muscles, each individual 
has his own swallowing pattern, but different people may swallow quite 
differently (Hrycyshyn and Basmajian, 1972; Vitti and Basmajian et al, 
1975). 

The type of bolus (saliva vs. water) may influence the duration of the 
muscles’ activity. On the other hand, posture (semireclined vs. sitting) 
did not seem to have any influence. There was no evidence to indicate 
that posture and/or the type of bolus are correlated with the sequence 
of muscular activity. 

The anterior belly of the digastric muscle was not active in one-quarter 
of the swallows studied. When active during deglutition, all muscles had 
a general EMG pattern of one to many summations of activity separated 
by relatively quiet periods before and after each swallow (Hrycyshyn and 
Basmajian, 1972). 

The mylohyoid muscle has also been studied by Lehr et al (1971) to 
determine its activity relative to isolated movements of the tongue and 
mandible and during various functions involving multiple parts of the 
oral apparatus. Data were obtained from 20 subjects. Using bipolar fine- 
wire electrodes, the anterior fibers were found to be more active than 
the posterolateral fibers in a majority of activities performed. Tongue 
movements produced slightly more activity in the posterolateral fibers; 
the anterior fibers were more active during mandible movements. During 
mastication, deglutition, sucking, and blowing, both the anterior and 
posterolateral fibers were markedly active. Other EMG work on mylo- 
hyoid and geniohyoid, among other muscles, has been reported by Miller 
(1972a and b) and by Car (1970), who were concerned with the swallow- 
ing reflex induced by peripheral nerve and brainstem stimulation. 

The lack of muscle spindles in mylohyoid led Kleppe et al (1982) to 
compare single motor unit controls in it with abductor pollicis brevis. 
The latter proved to be a much easier muscle to train, reinforcing the 
hypothesis that spindles are important in fine control. 

Other studies of the tongue have been concerned with speech produc- 
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tion and disturbances and use rather global pick-ups from electrodes 
applied to the tongue’s surface (MacNeilage et al, 1967; Shankweiler et 
al, 1968; Huntington et al, 1968). Fine-wire electrodes have been used 
in such studies only sparingly (Harris, 1971; Borden and Harris, 1973; 
Raphael, 1975; Raphael and Bell-Berti, 1975). As techniques improve— 
and fine-wire electrodes simply must gain acceptance—these studies 
should flourish. 


Buccinator 


Buccinator EMG research is increasing. This facial muscle, which has 
sunk deep and become the lining of the mucosa of the cheeks, has many 
roles to play. Its part in facial expression will be described with facial 
muscles on p 461. Blanton et al (1970) made an analysis of the buccinator 
muscle using indwelling, fine-wire electrodes. Data were obtained from 
22 subjects with normal dentition during various oral activities. The 
buccinator muscle was found to be markedly and consistently active 
during swallowing, blowing, sucking, masticating, and various lip and 
mandibular movements. Its activity during mandibular movements was 
not believed to be for the sake of direct propulsion but rather as an 
“expression of an effort to perform the movement.” The studies of 
de Sousa and Vitti (1965) and by Basmajian’s group are related chiefly 
to mobilizing the face and will be described on p 461. 


PALATE 


Cho-luh Li and Arne Lundervold (1958), while working in Montreal, 
had the opportunity of examining electromyographically a series of 
normal human palates as controls for a broader study of cleft palates. 
They were able to record separately from the tensor palati (which 
becomes aponeurotic as it turns around the pterygoid hamulus into the 
palate) and the various fleshy muscles in the palate itself. Examinations 
of the soft palate in a series of rabbits (Basmajian and Dutta, 1961a) 
were compared with examinations in a series of normal human volunteers 
by Basmajian and Dutta (1961b). 

[Extensive investigations by Doty and Bosma (1956) on dogs, cats, and 
monkeys were concerned chiefly with swallowing. These investigators 
did not report on the soft palate as such (but see below). Broadbent and 
Swinyard in 1959 reported on their EMG studies following human cleft 
palatal repairs in which they had used a “dynamic pharyngeal flap.” 
These studies are mentioned here for the sake of completeness. ] 

The experiments on the palate of rabbits were of two types. In the 
first type, rabbits under general anesthesia were tested for reflex swal- 
lowing with a bipolar needle electrode inserted into the part of the palate 
that contains the bulk of levator palati. In the second type of experiment, 
EMGs were recorded by two different techniques in a series of conscious 
rabbits made to swallow “normally” by placing water on the tongue. The 
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experiments on human subjects were on conscious normal volunteers in 
whom recordings were made with special long, fine, bipolar electrodes 
inserted under direct vision into the levator palati. 

In conscious human subjects, always found, as did Li and Lundervold, 
a burst of activity upon inserting the electrode (Fig. 19.2). This lasted 
for several seconds, but it never lasted more than 10 s in either set of 
investigations. Then complete relaxation of the levator palati and tensor 
palati ensued and continued for as long as the subject remained at rest. 
This was confirmed by Fritzell (1963) for both muscles by direct record- 
ings. When subjects sucked water through a straw, the levator palati 
became slightly active and remained thus as long as the water was held 
in the mouth (Fig. 19.2) (Basmajian and Dutta, 1961b). 

During swallowing, potentials came as a burst lasting about 1/3 second 
and were followed by complete relaxation (Fig. 19.2). Liand Lundervold 
comment only on the normal appearance of the potentials obtained 
during voluntary swallowing, but one gets the impression that their 
findings were similar. 

The results of the experiments on the soft palate of conscious rabbits 
were similar to those on the palates of human beings. In contrast, the 
most striking finding in anesthetized rabbits was that reflex swallowing 
(caused by prodding the pharyngeal mucosa) showed very little activity 
in the palate (see Fig. 19.5 on p 438). 


Palatal Activity During Speech 


Fritzell (1963) found that activity started simultaneously in tensor and 
levator palati just before speech begins. This “acoustically silent” period 


Figure 19.2. EMG records of human palate. (A) “Insertion” potentials. (B) 
Activity during sucking water through a straw. (C) Swallowing. Calibration signal: 
10-ms intervals; amplitude, ca. 500 pV. 
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of palatal activity varied in different subjects. The potentials diminish 
and usually disappear before an utterance is finished. 

When words beginning with a nasal sound are spoken, action potentials 
precede the microphone signal. But when nasal sounds appear within a 
word the potentials disappear or diminish only to return when oral 
sounds are made. “The production of nasal is regularly announced in 
the EMGs before the sound appears in the microphone record,” accord- 
ing to Fritzell. 

The hypothesis of a very simple organization of muscular activity (for 
example, two discrete levels) underlying a more complex pattern of velar 
positioning was tested by Lubker (1968). The data obtained in his study 
were not consistent with this hypothesis. Palatal EMG activity during 
speech appeared to vary in a relatively continuous manner and was 
positively correlated with velopharyngeal positioning. 

A majority of Lubker’s subjects demonstrated little or no velar move- 
ment during production of the sustained, detached nasal consonant. A 
relatively marked positive correlation was obtained between tongue and 
palatal positioning during speech production, thus suggesting that a high 
tongue position is associated with a high palatal position. The Moll- 
Shriner hypothesis predicts such a relationship and suggests that it is due 
to anatomical interconnections between tongue and palate. An alterna- 
tive is supported by the data obtained in Lubker’s research: greater 
palatal elevation may accompany vowels with high tongue position simply 
because such elevation is needed to prevent the vowel from being 
detected as nasal in quality. The latter explanation may be more consist- 
ent with the high correlation observed between palatal position and EMG 
activity. Further EMG studies of palatoglossus muscle by Bell-Berti and 
Hirose (1973) suggest that during speech this muscle is associated more 
with glossal rather than palatal movements. Ushijima and Hirose (1974) 
and Bell-Berti (1974, 1976) have greatly expanded knowledge of palatal 
muscles during speech using wire electrodes. 

Lubker joined Fritzell and Lindqvist in Sweden to expand this work 
with fine-wire electrodes (Lubker et al, 1970). This work suggests that 
palatoglossus does not contract maximally during speech, in contrast to 
its vigorous action in swallowing and nasal breathing. Later Lubker and 
May (1973), using bipolar fine-wire electrodes, found that palatoglossus 
functions in a variable fashion during speech, assisting to move the 
tongue or reacting to tongue movements when the levator palati is 
contracting, and lowering the palate when the levator is inactive. Fritzell 
and Kotby (1976) in turn compared the activity of the levator palati with 
that of thyroarytenoideus. They are clearly different. During the rest 
position, the levator palati remains silent but thyroarytenoideus (as part 
of its respiratory function) is constantly active. Although both are inti- 
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mately involved in speech, their latencies before utterances differ sig- 
nificantly, depending on the characteristics of the sounds produced. 
Lubker (1975) further enlarged upon studies of the palatal muscles with 
fine-wire electrodes. Of special interest were his findings of a temporal 
organization of speech, with considerable controlled variations among 
the various muscles involved. 

Clinical application of palatal EMG is promising. Thus, Chaco and 
Yules (1969) proposed that a candidate for tonsilloadenoidectomy should 
have EMG of the soft palate because of possible velopharyngeal incom- 
petence. Surina and Jagr (1969) have made similar recommendations for 
cleft palate patients. 


Palatal Activity During Sleep 


Anch et al (1981), under the guidance of Professor E.K. Sauerland in 
Galveston, have provided us with the most lucid EMG findings from 
tensor palati during sleep. They were particularly interested in oropha- 
ryngeal patency in the Pickwickian syndrome and the pathogenesis of 
occlusive sleep apnea (OSA), whose pathomechanics are obscure (Sauer- 
land et al, 1981a and b). They reported finding a striking and consistent 
reduction in EMG activity of the tensor with the onset of OSA. However, 
there was no association between the rises and falls of activity in tensor 
with rises and falls of activity in the genioglossus muscle both during 
sleep and awake periods. 


PHARYNX 


In view of the relative inaccessibility of the striated muscles of the 
pharynx, electromyography of the sphincters has not been widely at- 
tempted. Nonetheless, a considerable number of publications that make 
reference to muscular action have appeared on the process of swallowing. 
In most of this material, no actual objective recordings of the sequence 
of events inthe involved muscles have been reported. The superior 
constrictor’s activity during respiratory phases has been investigated by 
Hairston and Sauerland (1981) with wire electrodes inserted into 10 
subjects. During normal breathing, the muscle is silent in inspiration and 
shows considerable activity during expiration. 

The resurgence of practical interest in the mechanism of swallowing 
and in the reparative surgery of the pharynx has made a bold approach 
to pharyngeal electromyography a necessity. Doty and Bosma (1956) 
performed EMG studies of reflex swallowing in the areas of the mouth, 
pharynx, and larynx of anesthetized monkeys, cats, and dogs. Broadbent 
and Swinyard (1959) then made similar studies during operations on 
anesthetized human patients with cleft palate. Car (1970) and Miller 
(1972a and b) are other workers who have made real contributions to 
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the field of swallowing reflexes, using indwelling electrodes in individual 
oral and pharyngeal muscles of experimental animals. 

Shipp et al (1970), in a study of patients who had had laryngectomies, 
found two types of swallowing patterns: the first, called “Type I,” was 
observed when EMG sampling was conducted early in surgery before 
any major structures were altered or divided. This pattern consisted of 
a single large burst of activity from the inferior constrictor with a 
coincident inhibition of the preswallowing low level activity from the 
cricopharyngeus. The second pattern, labeled “Type II,” was found in 
EMG sampling later in surgery and in all subsequent EMG procedures 
on laryngectomized subjects up to 3 years postoperatively. 

The typical Type II muscle activity pattern showed both muscles 
simultaneously initiating activity during the first burst and the quiet 
segment, whereas for the second burst the cricopharyngeus followed the 
inferior constrictor by 60 to 180 ms. The second burst appears to be 
analogous to the pattern found in Type I or “normal swallow.” 

Type II swallowing patterns were similar in the awake and anesthetized 
conditions, although duration measures differed. 

From the start of studies of the pharynx, it seemed necessary not only 
to examine reflex swallowing under anesthesia, but also swallowing under 
conditions that are as normal as possible. Therefore, various procedures 
were devised towards that end, and extensive dissections were performed 
to clarify the anatomy of the region. The first report (Dutta and Bas- 
majian, 1960) dealt with anatomical studies in rabbits. It was followed 
by a report on the rabbit’s pharyngeal and palatal muscles (Basmajian 
and Dutta, 1961a). The third report dealt with EMG studies on con- 
scious, normal human beings (Basmajian and Dutta, 1961b). 

In about half the series of rabbits, direct recordings with concentric 
needle electrodes were made of the electrical potentials of the soft palate 
and individual constrictors during reflex swallowing under anesthesia. 

In the other half of the series, operative exposure was followed 
immediately by implanting into the three constrictors special indwelling, 
flexible, wire electrodes to be used for postoperative recordings. EMG 
testing was usually done after recovery from the operation—a delay of 
several days being the rule. 

In some of the rabbits in which implants were used, simultaneous 
records were made also from the fleshy part of the soft palate via a 
concentric needle electrode. Active voluntary swallowing was induced 
by running some water from an “eye-dropper” onto the tongue of the 
rabbit. 

In the studies of conscious normal volunteers, the electrodes were 
passed under direct vision through the open mouth, using a laryngeal 
mirror and clinical headset, when necessary. A special type of bipolar 
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Figure 19.3. Diagram of special bipolar electrodes. (A) In soft palate. (B) In 
pharyngeal wall. 


electrode was designed for use in these experiments. It consists of two 
fine surgical stainless-steel wires about 10 cm long, glued together, yet 
insulated from each other, by lacquer. This type of electrode has the 
advantage of strength, lightness, and flexibility (Fig. 19.3 and 19.4). 
Except during obvious swallowing, in all the experiments on human 
beings, conscious rabbits, and anesthetized rabbits, there is little or no 
activity in any of the constrictors. That is, there is no resting tonus. 
During swallowing each constrictor of the rabbit contracts for about 
Y%4 second, whether it is part of reflex or of conscious swallowing (Fig. 
19.5). The contraction of the superior constrictor begins simultaneously 
with that in the soft palate; that in the middle constrictor is delayed by 


Insulation 


Wires 


Figure 19.4. Greatly enlarged cutaway diagram of tip of special electrodes (cf. 
Fig. 19.3). 
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ry MYA I, ab Ae basta! Hapa fete 


Figure 19.5. Simultaneous EMG records during swallowing in the rabbit. (7) 
Calibration: 10-ms intervals; amplitude, ca. 300 pV. (2) Soft palate. (3) Superior 
constrictor. (4) Middle constrictor. (5) Inferior constrictor. (Tracings slightly re- 
touched to improve engraving.) 


about 25 ms; and that in the inferior constrictor, by about 75 ms. The 
entire duration of activity in the constrictors lasts about '/3 second. These 
figures must be accepted as broad generalizations of the detailed results 
(Basmajian and Dutta, 1961a). 

The amplitude of activity in the three constrictors of the rabbit 
gradually increases and becomes maximal just beyond the middle of its 
total period of activity. Then the amplitude falls to the base-line due to 
rapid relaxation. It is important to note that the base-line of nil activity 
is maintained, except during swallowing, i.e., to repeat, there is no tonic 
activity of the palate and pharyngeal constrictor muscles. They act in an 
“all or none” fashion. 

In the human volunteers, any activity picked up from these muscles 
following the insertion of the electrode apparently is a reflex “tightening 
up”; it can be abolished by the subject’s voluntary relaxation. When the 
subject is relaxed and resting between swallows, the pharyngeal constric- 
tors are inactive, as is the levator palati. During the sucking of water 
through a straw, all three constrictors remain silent, while—as might be 
expected—the levator palati is active. With each swallow, the duration 
of activity is very close to '/2 second in each of the pharyngeal constrictors 
(Fig. 19.6). 

Because the recordings in the human muscles were not simultaneous 
(as in the study on rabbits) the exact sequence of activity in man is not 
proved. However, there is no reason to suppose that it is different from 
that in rabbits. 

Doty and Bosma (1956) described the EMG pattern of activity during 
swallowing in the muscles of the mouth, pharynx and larynx of monkeys, 
cats and dogs. They found a definite pattern or sequence of activity, 1.e., 
with minor variations, the “schedule of excitation and inhibition among 
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the participating muscles was highly constant.” No difference was found 
in reflex swallows evoked by various means, including stimulation of the 
superior laryngeal nerve, stimulation with a cotton swab, or the rapid 
squirting of water into the pharynx. A leading “complex,” consisting of 
the superior constrictor, palatopharyngeus, posterior intrinsic muscles of 
the tongue, and various muscles attached to the hyoid bone, becomes 
active for '/4 to 14% second to initiate the act. The middle constrictor, 
inhibited at first (as in our experiments), follows. The inferior constrictor 
is the last to become active, being deferred until the leading complex is 
nearly over (Fig. 19.7). 

Rather similar findings in dogs have been reported by Kawasaki et al 
(1964) whose studies of air pressure gradients are particularly valuable. 

Cricopharyngeus muscle has been the special concern of Levitt et al and 
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Figure 19.7. Doty and Bosma’s (1956) schematic summary of EMG activity 
during swallowing in dogs. 
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Ogura (1965) of St. Louis, who have recently made the greatest contri- 
bution to its understanding. In dogs they found that these sphincteric 
fibers at the junction of pharynx and esophagus relax much of the time, 
contrary to the widely held view that they are tonically contracting. 
Bursts of activity do occur but usually in response to external factors 
such as breath-holding, straining, or stimulation of the hypopharynx. 
Murakami et al (1972) found EMG evidence of double-innervation 
(somatic and vagal) to the cricopharyngeus. 

The striated muscle of the upper esophagus has been investigated by 
Arlazoroff et al (1972). There was steady “high grade” EMG activity in 
all subjects (detected with surface electrodes attached to a small inflated 
balloon); the activity increased further during the Valsalva maneuver. 


LARYNX AND VOCAL CORD 


As Professor Georges Portmann of Bordeaux and Paris pointed out in 
his Semon Lecture (published in 1957), the larynx has two functions. 
The first comprises respiration and the protection of the pulmonary 
apparatus, these being inseparable. The other is phonation or the pro- 
duction of sound. Surprisingly, to the present time only provocative 
results have been obtained by EMG for this vital function. Serra (1964) 
has given a thorough review of the various neuromuscular studies of this 
area. 

Portmann and his colleagues first made some important contributions 
through their experiments on patients who had had operations that left 
the glottis exposed postoperatively. These investigators were able to 
insert needle electrodes directly into different parts of the vocal folds 
and the thyroarytenoid muscles. 

During each expiration, the thyroarytenoid becomes very active, es- 
pecially in the middle of expiration. At the beginning of inspiration, 
activity stops and does not reappear until expiration begins. Spontaneous 
and involuntary activity during expiration is quite independent of every 
effort of phonation. 

Portmann’s belief that during phonation the EMG oscillations have 
the same frequency as the sound emitted—strong support for the theory 
advanced by Husson (1950)—has been rejected widely (Rubin, 1960; 
Spoor and Van Dishoeck, 1960; Kirikae et al, 1962; Milojevic and Hast, 
1964; Dedo and Ogura, 1965; and still others). According to Floyd et al 
(1957), closure of the glottis is caused by tonic coordinated action of the 
sphincteric muscles in which thyroarytenoid plays its part. They have 
not succeeded in reproducing in dogs a higher frequency of vibration of 
the cords by stimulation of the laryngeal nerves with graded electrical 
frequencies. On the other hand, there is evidence being produced by 
independent workers which shows that complete tetanic fusion does not 
occur in laryngeal muscles until stimulation frequencies as high as 400 
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Hz are used (Martensson and Skogland, 1964). Also Louis-Sylvestre and 
MacLeod (1968) have advanced the provocative idea that the human 
vocal muscle mechanism may be similar to that of asynchronous insect 
muscle. Thus, an electrodynamic servo-system, linked to vibration fre- 
quency, allows instantaneous modifications of the mechanical impedance 
sensed by the muscle, which is kept in its natural environment. These 
investigators believe vibration frequency follows without latency the 
changes in impedance parameters; they find the sign and amplitude of 
variations to be identical in both insect flight muscle and human vocal 
muscle. 

Green and Neil (1955) noted that impulses in the recurrent laryngeal 
nerve of cats coincide with inspiration and EMG activity in the posterior 
cricoarytenoid. They found activity in the abductor muscles of the cords 
during inspiration alternating with activity in the adductors during 
expiration. 

Under the general direction of Fritz Buchthal of the Institute of 
Neurophysiology at Copenhagen, Faaborg-Andersen completed a mon- 
umental study on the normal and abnormal muscular control of the 
vocal cords and published it as a monograph in 1957. In a long series of 
normal persons, he inserted needle electrodes under direct vision into 
the cricothyroid, vocalis, arytenoideus, thyroarytenoid, and posterior 
cricoarytenoid muscles, two at a time, and recorded the subject’s pho- 
nation and EMG data simultaneously on a tape recorder. 

At rest, there was a slight activity in all the adductors even if the breath 
was held quietly. This then is “postural activity,” according to Faaborg- 
Andersen. It increased from the resting level during inspiration but was 
unchanged during expiration. At “rest,” the abductors were very active 
by contrast, but during the inspiratory phase this activity decreased 
somewhat, although it was uninfluenced by expiration. 

With phonation, an increase in electrical activity was found in all the 
adductor muscles. The change began 0.35 to 0.55 s before the audible 
sound. Unlike Portman, Faaborg-Andersen found that single unit poten- 
tials fell below the range of 20 to 30/s in basic frequency. This is much 
like ordinary skeletal muscles. 

During phonation with increasing pitch there was no corresponding 
increase in the electrical activity of the adductor muscles. However, with 
increasing pitch the increase in the total electrical activity was marked, 
provided that the increase in pitch was in the same register, i.e., within 
the same octave. If the increase in pitch was accompanied by a shift in 
register, the change was only slight. 

Thus Faaborg-Andersen does not support the theory that the fre- 
quency of vibration of the vocal cords during phonation of a tone changes 
directly with the frequency of nerve impulses and contractions of the 
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muscle fibers. Faaborg-Andersen upholds the orthodox view that the 
vibrations of the vocal cord are passive and independent of the frequency 
of motor unit contractions. 

With phonation of different vowels there was no apparent electromyo- 
graphic change in Faaborg-Andersen’s series (Fig. 19.8). With whispered 
voice or “silent speech,” there was activity in the adductor muscles, but 
it was far less than with ordinary voice. 

Buchthal and Faaborg-Andersen (1964) found that the average time 
between the onset of the increase in electrical activity in cricothyroid 
muscle and the onset of phonation is between '/o and '/%5 second. The 
interval may be considerably shorter for some sounds. 

During a cough and during swallowing there was a considerable increase 
in the electromyographic potentials in all the adductors just before the 
onset of audible sound; conversely, the abductors relaxed during the 
cough. 

The earlier morphological and EMG studies have been summarized in 
an article by Gomez Oliveros (1969). In recent years laryngeal electro- 
myography has gained a much wider following, partly because of Shipp’s 
introduction of improved techniques employing wire electrode method- 
ologies (Shipp, 1968; Shipp et al, 1968; Shipp et al, 1970). Figure 19.9 
illustrates his technique of inserting electrodes into the posterior cricoar- 
ytenoideus. For other muscles, the direct anterior route through the skin 
also may be used in conscious human subjects (Hirose and Gay, 1972, 
1973; Kotby, 1975; Dejonckere, 1975). Dedo and Hall (1969), in exper- 
iments with dogs, have used wires and needle electrodes, finding them 
both reliable. Payne et al (1980) have described a new, miniature, bipolar, 
surface electrode which can be swallowed down to a position behind the 
posterior cricoarytenoideus and produces excellent results. 
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Figure 19.8. EMG records in thyroarytenoid (tracing A) and microphone record- 
ings (tracing B) during phonation of vowels o—a—u at frequency of 200 Hz. 
(From K.L. Faaborg-Andersen, ©1957, Acta Physiologica Scandinavica.) 
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Figure 19.9. A technique for introducing bipolar wire electrodes into the 
posterior cricoarytenoideus muscle through a laryngoscope. (From T. Shipp et 
al, ©1970, Journal of the Acoustical Society of America. 


Hiroto et al (1967) of Kurume, Japan, found little or no activity in 
posterior cricoarytenoideus during phonation while the cricothyroid, 
thyroarytenoid, lateral cricoarytenoid, and interarytenoid muscles were 
very active. The change in electrical activity begins before the onset of 
speech sounds (with occasional exceptions for voiceless consonant sylla- 
bles). The time interval from the onset of EMG changes to the onset of 
sound was least in cricothyroid and for consonant syllables. 

Hirose and Gay (1972, 1973) of the Haskins Laboratories in New 
Haven found that the posterior cricoarytenoideus participates in the 
production of voiceless consonants but not voiced consonants. A recip- 
rocal pattern occurs in the interarytenoideus. They found three types of 
vocal attack that are characterized by the coordinated actions of the 
abductor and adductor muscles which act reciprocally for each type of 
attack. 

The group associated with Thomas Shipp showed that with normal 
adults there is greater airflow and greater activity in cricothyroid and 
interarytenoid muscles in modal phonation, compared with those in vocal 
fry—the nonpathologic phonational register encompassing a range of 
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frequencies below those of the modal register (McGlone and Shipp, 
1971). Frequency through the vocal range is changed chiefly by the 
activity in cricothyroid and thyroarytenoid muscles, and their activity is 
highly correlated with measures of subglottal pressure. However, no 
systematic correlation occurs between (1) activity in posterior cricoary- 
tenoid and interarytenoid muscles and air flow measures, and (2) fre- 
quency changes (Shipp and McGlone, 1971). 

A series of papers from Oslo in 1970 added to our understanding of 
laryngeal function (Kotby and Haugen, 1970a-d). They described a 
basic postural (‘resting’) activity in the posterior cricoarytenoid which 
fluctuates with breathing, rising most with deep inspiration. In phona- 
tion, it becomes very active as it does during sphincteric actions. Kotby 
and Haugen suggest that the concept of antagonists—abductors vs. 
adductors—is false. 

The elegant study of Gay, Strome, Hirose and Sawashima, who rep- 
resent the Universities of Connecticut, Harvard, and Tokyo, is especially 
noteworthy (Gay et al, 1972). Both peroral and percutaneous insertion 
of wire electrodes was done in five subjects with apparently meticulous 
technique and computer analysis. They, too, showed that increases in 
fundamental frequency on phonation were accompanied progressively 
by increases of EMG activity in cricothyroid muscle—but they were able 
to show this in vocalis also. Moreover, to a lesser extent the increase 
occurs in all the other intrinsic muscles too, but the posterior cricoary- 
tenoid increase comes at the highest pitch level. 

Gay et al, disagreeing with Faaborg-Andersen (cited above), find that 
the posterior cricoarytenoid can also act as a tensor of the vocal folds, 
following the curve of activity of the cricothyroid. They warn, however, 
that there are individual differences between subjects—which also may 
account for earlier confusions in laryngeal EMG research. They were 
unable to demonstrate a strict linear relationship of the activity in 
cricothyroid and vocalis to fundamental frequency, and they discounted 
adductor muscle actions as “probably secondary.” 

Changes in intensity seem to be related more to expiratory muscle 
force than laryngeal factors; there may be “a trading relationship between 
laryngeal and subglottal forces depending on whether a specific fre- 
quency level is aimed for or not” (Gay et al, 1972). 


SOME CLINICAL APPLICATIONS OF LARYNGEAL EMG 


Knutsson et al (1969) and Sutton et al (1972) demonstrated the 
possibility of studying the characteristics of individual motor units in 
various laryngeal muscles by means of percutaneous and peroral elec- 
trodes. Kotby and Haugen (1970) and Dedo (1970, 1972) took up the 
problem of diagnosing various vocal fold mobility disorders and paralysis. 
Ueda et al (1971, 1972), Ohyama et al (1972), and Lauerma et al (1972) 
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investigated experimental artificial voice production, while Shipp (1970) 
studied the function of the pharyngeal inferior constrictor and crico- 
pharyngeus during alaryngeal voice production in laryngectomized pa- 
tients. 
Stuttering Larynx 

Combining fiber optics and EMG techniques, Freeman and Ushijima 
(1974) studied stuttering in three patients. Recordings were made with 
percutaneous fine-wire electrodes in four of the five intrinsic laryngeal 
muscles. The so-called Wingate hypothesis was justified: thus laryngeal 
activity patterns differ between the stuttering moments and when the 
patients could be induced to speak fluently. The abnormal patterns at 
the stuttering moments reveal (1) disruption of the normal reciprocity 
of the abductors and adductors, (2) disruption of the normal synchrony 
between adductors, and (3) generally higher activity in the intrinsic 
muscles. 


Laryngeal Reflexes 

A number of experimental studies employing electromyography have 
been reported. Thus, Kurozumi et al (1971) have shown the existence 
of bilateral motor innervation from the medulla oblongata to the laryn- 
geal muscles. Murakami and Kirchner (1971, 1972) investigated the 
effects of different frequencies of electrical stimulation on the various 
muscles and described the EMG activity of intrinsic muscles during 
different reflexes and laryngeal closure. Abo-El-Enein and Wyke (1966, 
1969) and Wyke (1968) described the effects of anesthesia and nerve- 
sectioning on the myotatic reflexes. The laryngeal initiation of swallow- 
ing via sensory endings in the mucosa of the larynx has been described 
by Storey (1968a and b) of Toronto. 

Laryngeal Muscle Training 

Hardyck et al (1966) first reported that EMG feedback could be used 
(by the motor-unit training technique) in laryngeal muscles for treating 
persons whose silent reading was hampered by subvocalization. These 
matters are discussed in Chapter 6. 


CHAPTER 20 


Muscles of Mastication, Face, and Neck 


MUSCLES OF MASTICATION 


The first concerted effort to apply electromyography to problems of 
orthodontics and normal temporomandibular physiology was made by a 
dentist, Robert Moyers, while working as a graduate student at Iowa and 
as Professor of Orthodontics at the University of Toronto in 1949 (where 
another early electromyographer—J.V.B.—was at work). Following 
Moyer’s lead, other dental scientists published a number of good studies, 
although some of them have disagreed with certain details of his earliest 
work (1949 et seq). The following account is a review of the published 
reports in the field, and a number of special sources including the 
research of graduate students. 

Also valuable are the newer reports of work with inserted electrodes 
by Ahlgren (1966, 1967) and Mller (1975, 1976) in Sweden, Munro 
(1974) and his colleagues in Sydney, and Vitti (1969a and b, 1970, 1971 
et seq with others) in Brazil. The good fortune of having Munro and 
later Vitti as visiting colleagues with the Basmajian group through 1972 
to 1974 greatly enhanced general understanding of mandibular and 
facial mechanisms. Another area that has emerged with vigor is that of 
mandibular reflexes. A discussion of the various reflexes now makes up 
a later section of this chapter. 


Mandibular Rest Position 


While the biomechanics and orthodontics of the mandibular rest 
position must remain the province of dental clinical research specialists, 
a few words on the contributions of electromyography are appropriate 
here. Mdller (1975, 1976) correctly ascribed the confusion in the litera- 
ture to the wide differences in equipment and technique, and he pleads 
for better quantification, as did Frame et al (1973). 

Is the rest position controlled actively or determined passively? There 
now appears to be no doubt that in deliberately relaxed but fully upright 
postures, even with the lips together (but the teeth not together), there 
is virtually no EMG activity (Vitti and Basmajian, 1975), except with 
occlusal interference (Funakoshi et al, 1976). However, where the force 
of gravity acts on the jaw of an unrelaxed person, low-level activity is the 
rule in the anterior part of temporalis; greater alertness and functional 
disorders both raise the level substantially (Mller, 1976). During sleep, 
intermittent increases and decreases of activity occurred throughout the 
night in the study of Fuchs (1975), as might be expected. However, 
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Fuchs was able to elicit the patterns of change, and his paper should be 
consulted for details. 


Temporalis 
RESTING TONUS 


As noted above, wire electrodes and the best surface-electrode tech- 
niques have clearly shown that at normal and deliberate rest (with the 
lips but not the teeth occluded) there is no activity in temporalis. 
However, the controversy began when Moyers (1949, 1950) reported 
for normal subjects a “remarkably even state of tonus” in all three parts 
of the muscle when it is at rest, stating also that the normal maintenance 
of mandibular posture is shared by all the parts. Carls66 (1952), although 
he agreed that temporalis is the main postural muscle in the habitual rest 
position, insisted that the posterior part of temporalis was the more 
important part in this position. MacDougall and Andrew (1953) also 
agreed that resting postural tonus was obtainable, but they were less 
precise. 

Latif (1957), while working in Basmajian’s Toronto laboratory, made 
a definitive EMG study of both temporalis muscles in 25 normal teenage 
children. In the physiological resting position of the mandible in the 
upright subject, both the anterior and posterior fibers of temporalis were 
continuously active in almost all the subjects. However, this activity was 
much greater in the posterior fibers (Fig. 20.1), as hinted at by Carlsoo’s 


Figure 20.1. EMG records of anterior and posterior parts of right and left 
temporalis muscles at rest show much greater postural activity in posterior parts 
(R.P. and L.P.) compared with anterior (R.A. and L.A.). 
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earlier findings and in contradiction to those of Moyers. In the same 
year, Latifs finding was duplicated independently by Kawamura and 
Fujimoto (1957) of Osaka. However, with coaxial needle electrodes in 
the anterior, middle, and posterior part of the temporalis of 57 patients, 
Vitti (1969a) found no resting postural tonus in the majority, and later 
Vitti and Basmajian (1975, 1977) thoroughly documented this finding 
in children and in adults. Vitti found some relationship between the state 
of dentition and the presence of activity in the posterior fibers. His 
similar study (Vitti, 1969b) of retraction of the angle of the mouth 
showed activity in the posterior fibers in most subjects and the reverse 
for the middle and anterior fibers. Christensen et al (1969) of Copen- 
hagen and Osaka indicate that actually there may be four distinct 
functional areas of the temporalis in cats. 


END-TO-END OCCLUSION (INCISOR BITE) 


Latif found all parts of temporalis were active, the greater activity 
being somewhat more frequently in the anterior fibers (40% of muscles), 
but in many (22%) the posterior fibers predominated, while in a third of 
the muscles the activity was equal throughout (Fig. 20.2). In several 
muscles, in contrast, the temporalis was inactive with incisor bite, even 
though this condition was considered to be the norm (quite erroneously) 
by Keith (1920). These results of Latif confirmed the findings of 
MacDougall and Andrew (1953). Vitti (1970) reported that the anterior 


Figure 20.2. EMG records of temporalis muscles during end-to-end occlusion 
from right anterior (R.A.), right posterior (R.P.), left anterior (L.A.), and left posterior 
(L.P.) parts (From A. Latif, ©1957, American Journal of Orthodontics.) 
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and middle fibers were active with normal dentition and incomplete 
dentition with molar support; in edentulous patients, all three parts were 
active during incisive bite. 


MOLAR OCCLUSION 

All the fibers of the temporalis showed marked activity in all subjects 
(Latif, 1957; Ahlgren, 1967; Vitti, 1970; Vitti and Basmajian, 1975, 
1977), as would be expected (Fig. 20.3). This is the chief function of the 
temporalis. 


RETRACTION OF THE JAW 


A universal finding was a marked activity in the posterior fibers of 
temporalis with lesser activity in the anterior fibers during the drawing 
back of the jaw from the protruded (protracted) position. This is in 
keeping with the accepted teaching (Latif, 1957; Vitti, 1971; Vitti and 
Basmajian, 1975, 1977). 

PROTRACTION 

Latif’s findings were not in agreement with the opinion of McCollum 
(1943) and the findings of Moyers that the anterior fibers are active 
during protraction. He found no activity, as did Carls66 et al, Woelfel et 
al (1960), and Vitti (1971). Indeed the activity even dropped from the 
resting tonus (Fig. 20.4). Apparently the temporalis shifts the burden of 


Figure 20.3. EMG records of temporalis muscles during molar occlusion from 
right anterior (R.A.), right posterior (R.P.), left anterior (L.A.), and left posterior 
(L.P.) parts. (From A. Latif, ©1957, American Journal of Orthodontics.) 
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Figure 20.4. EMG records of temporalis muscles during protraction of mandible 
(P.) and at rest (R.). Ret, retraction. R.A. and R.P., from right anterior and posterior; 
L.A. and L.P., from left. (From A. Latif, ©1957, American Journal of Orthodontics.) 


supporting the jaw to the muscles that protrude it, chiefly the lateral 
pterygoids. 


LATERAL MOVEMENTS 

Moyers’ findings that the temporalis abducts the mandible were clearly 
confirmed by the observation that this action is almost universal (Fig. 
20.5). In repetitive side-to-side movements, first one temporalis and then 
the other acts, each pulling the mandible only to its own side (Latif, 
1957; Vitti, 1971; Vitti and Basmajian, 1975, 1977). 


DEPRESSION 

During ordinary opening of the mouth, temporalis is inactive (Mac- 
Dougall and Andrew, 1953, Latif, 1957; Vitti, 1971). When the mandi- 
ble is forcibly depressed (maximal opening of the mouth), some irregular 
muscle potentials do appear, suggesting that temporalis acts then as a 
protector against dislocation of the jaw. 

The following paragraph summarizes the functions of temporalis. It 
maintains mandibular posture in the physiological resting position, the 
posterior fibers taking a more active part than the anterior. Its chief 
function is molar occlusion, and it is an ipsilateral abductor (and therefore 
a contralateral adductor) of the mandible. During maximal opening of 
the mouth, the temporalis acts as a preventative to dislocation, but it 
plays no role either in ordinary opening of the mouth or in protraction 
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Figure 20.5. EMG records of temporalis muscles during “left lateral position” of 
mandible. Note greatest activity in left posterior (L.P.) fibers, and least in right 
anterior (R.A.). (From A. Latif, ©1957, American Journal of Orthodontics.) 


of the jaw. In end-to-end occlusion (incisor bite) the anterior fibers are 
more active. The temporalis retracts the protruded jaw, the posterior 
fibers being especially active (Vitti and Basmajian, 1977). 

Finally, Biggs et al (1968) showed that the EMG activity of monozygotic 
twins was similar in the duration of activity in their temporalis (and 
masseter) muscles. 


MASSETER 


As would be expected, during forceful centric occlusion the masseter 
muscle is very active (Pruzansky, 1952; Moyers, 1950; Ahlgren, 1967; 
Vitti and Basmajian, 1975, 1977). During chewing movements the 
maximal activity occurs in the masseter at about the time the jaw reaches 
the temporary position of centric occlusion which accounts for about a 
fifth of the chewing cycle (Gibbs, 1975). Masseter is not an important 
muscle in the habitual resting position (Carlsoo, 1952; Vitti and Basma- 
jian, 1975, 1977), although it does show some activity in its superficial 
part during protrusion (Carls66, 1952; Vitti and Basmajian, 1977) and 
with increasing weights on the chin (Carls66, 1952) (Fig. 20.6). It also 
acts in certain types of ipsilateral and contralateral movements of the 
mandible (Vitti and Basmajian, 1977). MacDougall and Andrew found 
that its deep fibers are occasionally active during retraction. 

Hannam (1976) used on-line computer sampling and cross-correlation 
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analysis of the bilateral myoelectric activities of the masseter muscles. 
Cross-correlation showed no significant patterns of difference from bite 
to bite when the 10 subjects were taken as a whole. However, individuals 
showed some slight differences. In almost half his sample, the muscle 
contralateral to the side chewed upon started to contract first, while the 
rest acted in miscellaneous ways. 

In awake rabbits, Scharer and Pfyffer (1970) were able to stimulate 
cortical centers while recording from the masseter through wire elec- 
trodes. The results were identical to normal chewing in masseters. 


Medial Pterygoid 

During simple protraction, Moyers always found strong activity with 
needle electrodes in medial pterygoid. Others agree (Vitti and Basmajian, 
1977; Fortinguerra and Vitti, 1979). This decreased slightly if the 
mandible was depressed while being protracted. Unilateral contractions 
of the muscle accompanied (caused?) contralateral abduction of the chin 
and were particularly impressive when there was an added element of 
protraction (Moyers, 1950; Carlsoo, 1952). In the rabbit and rat, O’ Dell 
et al (1969) found with wire electrodes that medial pterygoid opposes 
forced lateral mandibular movement. 


Lateral Pterygoid and Digastricus 


During mandibular depression, Moyers (1950) found that the first 
large potentials to appear are in the lateral pterygoid, and he believed 
that the activity reaches its peak even before the other muscles become 
active (Fig. 20.7). Furthermore, it continues throughout the movement. 
Woelfel et al found the lateral pterygoid very active in contralateral 
excursions, uncontrolled openings, and protrusions of the mandible. 
However, it was inactive during hinge openings of up to 1 cm. Apparently 
its function is to draw forward the articular disc in the temporomandib- 


Figure 20.6. EMG records from posterior part of temporalis (a), superficial part 
of masseter (b) and medial pterygoid (c), with progressively increasing loads 
starting at “2.” (From S. Carls66, ©1952, Acta Odontologica Scandinavica.) 
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Figure 20.7. EMG records of mandibular depression. (From R.E. Moyers, ©1950, 
American Journal of Orthodontics.) 
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ular joint, along with the head of the mandible. In rhesus monkeys 
(which have the same morphological arrangement as man in this muscle) 
McNamara (1973) found that the inferior head of the lateral pterygoid 
is active only during opening and protrusive movements. The superior 
head was active only during such closing movements as chewing, swal- 
lowing, and clenching of the teeth. Supporting McNamara, Grant (1973) 
insists that the muscle is two muscles, both functionally and structurally. 

Gross and Lipke (1979) and Juniper (1981, 1983) confirmed this is 
the case for human beings in a study with inserted fine-wire electrodes. 
Also using wire electrodes (but not in separate parts of the muscle) Lehr 
and Owens (1980) disagreed because there was consistent activity for 
both elevation and depression of the mandible. Owens et al (1975) had 
earlier reported that the silence of the lateral pterygoid coincides with 
the elevating and retruding of the mandible into the centric position. 
Lehr and Owens (1980) summarized the general activities of the whole 
muscle as: 


1. The lateral pterygoid muscles are the prime movers in the protru- 
sive movements, whether in an isolated protrusion or as an initiator for 
the incisor clench. 

2. Retrusion involves only minimal activity, and it is not clear as to 
whether this activity is one of a mechanical stimulation, or a reflex 
pattern due to an occlusal abnormality. 

3. Isolated right or left transversions rely heavily on the contralateral 
lateral pterygoid muscle for the total movement. The ipsilateral activity 
previously reported is not consistently present. This finding casts doubt 
on the function of this muscle as a stabilizer for the condyle during 
ipsilateral transversion. 

4. The molar clench does not involve the lateral pterygoid muscles to 
a significant degree. 

5. The lateral pterygoid muscles are partially responsible for the 
maximal depression of the mandible. 

6. In the chewing cycle the lateral pterygoids are bilaterally active, 
and this activity is both in alternation with and minimally overlapping 
the elevator muscles. The sequence of lateral pterygoid activity in the 
chewing cycle is lead by the ipsilateral lateral pterygoid muscle. 

During mandibular depression, Moyers wrote that the digastric muscle 
comes into action after the lateral pterygoid and is not as important. 
However, its action is essential for the maximum depression of forced or 
complete opening of the mouth. However, with modern needle-electrode 
techniques, Konig et al (1978) found consistent activity from the onset 
of opening, increasingly marked with resistance. In 20 normal subjects 
they found practically no activity during jaw closing. As soon as the 
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mandible was being raised, there was a decrease in the digastric muscles 
activity. 

During the incisor bite, right and left molar bite, the digastric muscle 
showed slight to moderate activity in the majority of the individuals, and 
the activity always occurred in antagonism with the agonist muscles, 
showing that the digastric muscles are usually active, only in the opening 
phase, which confirms the findings of some authors. 

In the protraction of the jaw with and without occlusal contact, their 
findings showed moderate activity of the digastric muscles in almost all 
the cases, which supported earlier findings. 

In the retraction of the jaw from protraction, a negligible (almost nil) 
activity was observed in some individuals. It is possible that this activity 
occurred due to slight depression of the jaw. When the retraction of the 
jaw was performed from the normal position, practically all the individ- 
uals showed marked activity. In this movement, the effort to retract the 
jaw was greater than when the retraction was performed starting from 
protraction and the jaw depressed; on the other hand, during the return 
of the jaw from retraction to normal position, the muscles were inactive, 
except in one case in which the activity was classified as negligible. 

During lateral movements to either side, Konig et al found marked 
activity in most of the individuals in both muscles. This activity observed 
in the digastric muscles can be interpreted as resulting from the slight 
depression and protrusion of the jaw. 

The right and left digastric muscles do not function as individuals. 
They contract bilaterally with greatest activity during uncontrolled open- 
ings and retrusions of the mandible (Woelfel et al, 1960). Munro (1974) 
agreed but added a new dimension: when tooth contact occurs during 
elevation of the mandible in chewing, the posterior belly contracts 
without activity in the anterior belly. Apparently this is related to 
positioning of the hyoid bone, not the jaw. 

Other work on the digastric muscles has dealt with their general 
functions—e.g., coughing, breathing, and swallowing (Lesoine and Paul- 
sen, 1968; Hrycyshyn and Basmajian, 1972) and mandibular reflexes 
(Munro and Basmajian, 1971). Coughing and swallowing strongly recruit 
the activity of the digastric muscles. 

K6nig et al (1978) also found substantial activity in swallowing, point- 
ing out that the hyoid bone rises to its highest position during the activity 
and for most of the period that dental contact is achieved. 


Coordination during Chewing 
Using subcutaneous wire electrodes, Ahlgren (1966) studied the mus- 
cular coordination and EMG activity during chewing of peanuts and of 
chewing gum. Considerable variation of patterns from subject to subject 
was a salient finding. The commonest pattern during gum chewing (in 
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44%) was one in which the ipsilateral temporalis contracts first, then the 
contralateral temporalis and both masseters contract simultaneously. 
Vitti and Basmajian (1977) also found marked activity in the medial 
pterygoid muscles bilaterally. The peak of activity and the ending of 
activity occurs simultaneously most of the time. With peanut chewing, 
the commonest pattern was both masseters and temporalis contracting 
simultaneously. 

Comparing the activity of masseter and temporalis muscles while 
chewing hard and soft foods, Steiner et al (1974) found marked variations 
between normal subjects. Masseter always led the action. With hard 
foods (carrots) the delay before recruitment of temporalis was shorter, 
and the total activity was considerably greater. 

In a series of experiments with dogs, Vitti (1965) found a constant 
activity of temporalis, masseter, and medial pterygoid during mandibular 
elevation in chewing towards either side; there was a decrease with 
“incisive chewing,” in which the greatest activity was in the anterior and 
middle fibers of temporalis, middle and deep part of masseter, and 
medial pterygoid. Unlike Vitti’s finding in dogs, bats ( myotis lucifugus) 
have clear alternations of activity between the muscles of the two sides 
(Kalen and Gans, 1970). 

In freely feeding domestic cats, Gorniak and Gans (1980) found a 
“working side” and a “nonworking side.” The adductors of the working 
side were generally most active while chewing foods of tougher consist- 
ency. The digastrics and lateral pterygoids reflected vertical and lateral 
displacements. 


Summary of Mandibular Movements 

The various movements of the jaw are produced by cooperative activity 
of several muscles bilaterally or unilaterally. Mandibular elevation is 
performed by the temporalis, masseter, and medial pterygoids and de- 
pression by the lateral pterygoids and digastrics. The digastrics show 
their greatest activity in forceful opening of the mouth at the limit of 
depression of the mandible. Lateral movements are performed by the 
ipsilateral temporalis and masseter and the contralateral medial pterygoid 
(and, to a lesser extent, the lateral pterygoid). Protraction is performed 
by the medial and lateral pterygoids while retraction is by the temporalis, 
chiefly its posterior fibers, and perhaps the deep part of masseter. 


Mandibular Reflexes 
Electromyographic investigations by several observers have shown that 
following tooth contact in man, there is an inhibition of the mandibular 
elevator muscles (Ahlgren, 1969; Beaudreau et al, 1969; Griffin and 
Munro, 1969; Kloprogge, 1975; Nagasawa et al, 1976; Lund, 1976). It 
is believed that this inhibition is induced reflexly by stimulation of 
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periodontal end organs. Griffin and Munro (1969) found that, at the 
time of inhibition of the mandibular elevators, the lateral pterygoid 
muscle was inactive, whereas localized activity of the digastric muscle 
occurred, mainly towards the end of the inhibitory phase of the mandib- 
ular elevators. They also found localized activity of the digastric muscle 
with inhibition of the masseter muscle after the tapping of a single tooth; 
these effects were abolished by local anesthesia of the tooth. Beaudreau 
et al (1969) also found a motor pause in the temporalis and masseter 
muscles following the hitting of teeth, but the digastric muscle in their 
series also exhibited a motor pause at the time of inhibition of the 
mandibular elevators. 

Munro and Basmajian (1971) investigated the six mandibular muscles 
with fine wire electrodes in normal persons performing the open-close- 
open cycle. A microphone applied to the skin over the zygoma was used 
to determine the time of initial tooth contact. 

A period of inhibition of 12 to 20 ms mean duration was found in 
each mandibular elevator, commencing after a mean interval of 10 to 
14 ms from initial tooth contact. In each cycle the inhibitory periods of 
the six mandibular elevators were found to be almost synchronous. The 
mean duration of the overlap of inhibition of the mandibular elevators 
was 11.9 ms, commencing after a mean interval of 14.6 ms from initial 
tooth contact. 

Ina further five subjects the activity of the anterior temporalis muscles 
was recorded with that of the anterior bellies of the digastric muscles. 
The activity of the digastric muscles at the time of inhibition of the 
mandibular elevators was analyzed. No activity was seen in 13% of 
digastric muscles at this time; a further 25% showed activity continuing 
through part or all of the period of inhibition of the mandibular elevators. 
In the remaining 62% of cycles there was a localized burst of digastric 
muscle activity at this time, usually either throughout or towards the 
later end of the period of inhibition of the mandibular elevators. It has 
previously been shown that the lateral pterygoid muscle is inactive at this 
time. 

This pattern of muscular activity would be expected to result in jaw 
opening (or at least in a reduction in occlusal pressure) in the interval 
from 15 to 27 ms after initial tooth contact. 

Quinn et al (1982) recently described an “action tonic stretch reflex” 
of masseter muscle and evidence that it can be voluntarily inhibited. 

A lateral jaw movement reflex has been described by Lund et al (1971) 
and central coordination of rhythmical mastication by Dellow and Lund 
(1971). Anderson and Mahan (1971) at Emory University described the 
interaction of receptors in tooth pulp and periodontal ligaments in the 
jaw-depression reflex. Klineberg et al (1970) emphasize the role of 
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mechanoreceptors in the temporomandibular joint capsule in the reflex 
control of chewing, while Bratzlavky (1972) explains the reflex pauses in 
the elevators entirely on spindle afferent discharges. Further work has 
been done by many investigators on the reflex activities of the mandib- 
ular elevators to elucidate postural and muscle-spindle neuromotor func- 
tions (see for example: Clark and Wyke, 1965; Lamarre and Lund, 1975; 
Ovall and Elmqvist, 1975; Godaux and Desmedt, 1975a and b; Amano 
and Funakoshi, 1976; Ongerboer de Visser and Goor, 1976; Hagbarth 
et al, 1976; Widmalm and Hedegard, 1976; van Steenberghe, 1981; 
Felli and McCall, 1979; van der Glas and van Steenberghe, 1982). A 
most elegant monograph by Widmalm (1976), his thesis at the University 
of Goteborg, Sweden, offers an excellent review and illustrations (Fig. 
20.8). 


MUSCLES OF FACIAL EXPRESSION 


Systematic EMG of the muscles of expression was badly neglected until 
a few years ago, although clinical electromyographers are constantly 
concerned with facial palsies. Worthy of at least a brief mention here is 
the ongoing study in various medical centers of the “postauricular 
response,” the EMG reflex following acoustic stimulation recorded from 
the postauricular group of facial muscles, e.g., the report of De Grandis 
and Santoni (1980). (Orbicularis oculi has been investigated with the eye 
muscles; see p 478.) 


Covert Emotions and the Facial Muscles 


It is increasingly well known that the human facial musculature lacks 
the postural reflex mechanisms of the limbs where muscle spindles and 
the y-loop respond to stretches induced by gravity (Hultborn, 1976; 
Bratzlavsky, 1981). However, facial muscles respond both visibly and 
invisibly to emotions in quite predictable ways which are becoming an 
important part of behavioral research in both the U.S. and Japan (Ekman, 
1973; Schwartz et al, 1976; Sumitzuji et al, 1977; Fridlund and Izard, 
1982). The responses are under exquisite controls, a great part of which 
responds to normal and distorted emotional states. The use of EMG 
techniques to diagnose and to study covert states of affect is becoming 
quite important. For an excellent discussion of the state of its art and 
science, see Fridlund and Izard’s recent reviews (1982, 1983). 

The techniques developed to date indicate that low-level facial EMG 
activity will become a useful tool for studying a wide range of emotion 
states and, in the hands of experts, for diagnosing and tracking depressive 
disorders. The multivariate pattern classification which is basic to the 
method appears to permit the disentanglement of arousal states from 
those due to distinct emotions. 
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Jaw jerk durin. 
sustained contraction. 


Figure 20.8. Widmalm’s method of eliciting jaw jerks during sustained contrac- 
tion of masseter. 


Mentalis 


Mentalis muscle, which wrinkles the chin, was the subject of an inves- 
tigation primarily concerned with its reactions during sleep. Hishikawa 
et al (1965) of Osaka showed a fairly continuous “tonic” activity of 
mentalis in man, except during deep sleep, when it relaxes completely 
for short periods. More concerned with dental problems, Schlossberg 
and Harris (1956) described considerable activity in mentalis muscle 
during swallowing, as did Jacob et al (1971). Isley and Basmajian (1973) 
found only slight activity in mentalis during gentle cheek puffing and 
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with various gentle grimacings with the lips. When these were more 
forceful, the activity rose; during forceful pulling of the corners of the 
mouth downward and pursing the lips, activity rose to “marked.” 


Buccinator 


Although, in some respects this muscle lining the cheek is more related 
to chewing, it has many other functions too. The first major paper on 
buccinator was by de Sousa and Vitti (1965) at Sao Paulo. They reported 
that, with needle electrodes, the muscle consistently showed activity in 
retracting the mouth laterally and in various complex functions (which 
has been described with the Mouth, (p 429). However, distension of the 
cheeks left buccinator silent. Work with wire electrodes (Isley and Bas- 
majian, 1973; Basmajian and Newton, 1973) convincingly shows its 
complexity of function. Buccinator undoubtedly is recruited in individ- 
ualized patterns and even exhibits variations within the same subject, 
depending on the amount of force and on slight shifts of emphasis in lip 
movement. Gentle puffing fails to recruit buccinator activity; more 
forceful effort increases it to varying degrees with various subjects but 
not to a marked level. Pulling the corners of the mouth back—or any 
movements involving such a component—recruits variable (but rarely 
marked) activity, even when done forcefully. A wide forced smile is most 
effective, however, resulting in marked activity in almost half of the 
subjects (Isley and Basmajian, 1973). Blanton et al (1970) found rather 
similar results, although their subjects showed more activity in blowing. 
They also demonstrated activity during mandibular movements, which 
they ascribed to sympathetic behavior and not prime action. Sucking 
movements were also quite effective, they said, in recruiting buccinator; 
however, results with thumb-sucking showed very little activity in buc- 
cinator (Vitti et al, 1975). 

A related study revealed the marvelous control man has over various 
parts of buccinator (Basmajian and Newton, 1973). With minimal feed- 
back training, a series of subjects rapidly learned to consciously control 
contractions in different parts of the muscle while maintaining silence in 
the remainder—and they could do this while performing on the clarinet! 


Lip Muscles 


Two muscles are included entirely within the confines of the lips— 
orbicularis oris superior and inferior (OOS and OOI); they really are 
two muscles and not just a continuous sphincter, as textbooks imply. 
Others radiate outward to bone and fascia to move the corners of the 
mouth; upward, levator anguli oris (LAO); upward and laterally, two 
zygomaticus muscles, major and minor; laterally, risorius and buccinator 
(see above); and downward, depressor anguli oris (DAO). The upper lip 
has an “elevator,” the levator labii superioris (LLS) and the lower lip a 
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“depressor,” the depressor labii inferioris (DLI). There are also various 
wisps here and there which vary with the individual. All facial muscles 
(including others higher on the face) are supplied by branches of the 
same nerve—the facial or 7th cranial nerve. 

As noted before, the complexity of the arrangement and the superficial 
nature of their disposal has retarded EMG progress of these muscles 
until lately. Speech pathologists and musicians could not wait for anato- 
mists and physiologists and have taken the initiative for obvious practical 
reasons. Here, let us consider first the general kinesiologic studies; 
second, the applied speech studies; third, the musician-related work; and 
finally, clinical (surgical) applications. 


LIP KINESIOLOGY 


A number of investigators have now emphasized that OOS and OOI 
are separate muscles (Jacob et al, 1971; Basmajian and White, 1973; 
Isley and Basmajian, 1973; White and Basmajian, 1973). They act in 
complex fashions during a multitude of lip positionings. Thus, forceful 
puffing, pulling the corners of the mouth in different directions, pursing 
the lips, and curling the lips over the teeth all recruit varying levels of 
activity, and there again they vary from subject to subject (Isley and 
Basmajian, 1973). DAO has been investigated separately by Vitti et al 
(1972) and by Sales and Vitti (1979), who find similar rational results. 

Zygomaticus major acts intermittently, and only a wide forced smile 
recruits maximal activity. The corner-moving muscles are aptly named— 
they do what their names proclaim. The same is true of the LLS. All of 
these muscles are most active during broad smiling. Puffing the cheeks 
out brings out the least response in this group. 

While only slight myoelectric activity can be picked up in orbicularis 
oris during the rest position, during aberrant oral activity, such as thumb- 
sucking, there is marked activity in the lips (Vitti et al, 1975). Kelman 
and Gatehouse (1975) found that diffuse surface-electrode pickup of the 
lip muscles remained surprisingly consistent in individuals repeating the 
same utterances. Garrity (1975) reported a high correlation between 
surface-electrode pickups from the lips and from the chin and she then 
made the wrong conclusion (that one was as good as the other to reveal 
lip functions). All she was doing was recording cross-talk between pickup 
sites, no serious problem in the general type of speech research she 
represents. See also the section below on Musical Performance, which 
must be much more precise. Vitti and his colleagues in Brazil (Farret et 
al, 1982a and b) have further elucidated functions of the orbicularis oris, 
mentalis, and depressor labii inferioris in speech. 


LEVATOR LABII SUPERIORIS ALAEQUE NASI 


Vitti et al (1974) confirmed the assumption that this muscle raises the 
upper lip and dilates the nostril, but he found it remains silent when the 


MUSCLES OF MASTICATION, FACE, AND NECK 463 


face is resting and composed. In various facial grimaces it springs into 
activity, but in other facial expressions it remains relaxed, e.g., raising 
the eyebrows, closing the eyes, opening the mouth, and blowing without 
distension of the cheeks. 


Procerus and Frontalis Muscles 


These two muscles have been studied and compared with surface 
electrodes and wire electodes simultaneously (Vitti and Basmajian, 1976). 
This was done because they are being often used by psychologists as a 
reference area for muscular tension studies. In the resting state, as with 
other facial muscles, we found no activity, contrary to the report of 
Sumitsuji et al (1967) that there are high-amplitude EMG discharges in 
the frontalis. Akamatsu (1960) studied the EMG activity of frontalis in 
schizophrenic patients; he reported a relationship between symptom 
pattern and patient’s posture on the one hand and EMG activity on the 
other. Earlier, Tokizane (1954) reported that except for frontalis and 
levator labii superioris, facial muscles showed electrical silence in the 
resting state. Although they found no significant change in frontalis due 
to postural variation, Sumitsuji et al found that frontalis activity de- 
creased when their subjects lie down. Not only frontalis but also mentalis 
and other facial muscles decreased their EMG amplitude in the supine 
posture. The resting silence from sensitive surface and wire electrodes 
in studies of normal subjects agrees with wide clinical EMG experience 
that striated muscle at rest shows complete relaxation (Vitti and Basma- 
jian, 1976). The reports to the contrary, mentioned above, apparently 
arise from varying levels of tension in the face over a period of some 
time. To reiterate: at rest, frontalis and procerus are silent and become 
active on demand or in response to specific (perhaps uncontrolled) 
emotional states or expressions. 

Elevation of the eyebrows, frowning with the forehead, closing the 
eyes normally, and whistling all did not recruit procerus muscle. The 
same silence resulted from the frontalis muscle in the movements of 
pulling the eyebrows downward; closing the eyes either normally or 
strongly; in the expressions of sadness, gladness, and revulsion; transverse 
wrinkling over the bridge of the nose; whistling; and winking either the 
right or the left eye. . 

The Vitti/Basmajian data showed that the frontalis has a very marked 
activity only in elevating the eyebrows and frowning with the forehead. 
It showed its antagonism to the procerus, which is inactive in these 
movements, and confirmed the muscle-stimulation experiments of Duch- 
enne, who showed the procerus is a direct antagonist of the frontalis. 

Confirming the classical descriptions given by some anatomy textbooks 
and by Martone (1962), the procerus muscle shows a very marked activity 
during the production of transverse wrinkles over the bridge of the nose 
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and moderate activity in pulling the eyebrows downward. Closing the 
eyes strongly recruits a marked activity in the muscle. However, in this 
movement the Vitti/Basmajian subjects always provoked transverse wrin- 
kles over the bridge of the nose, which, as already noted, always makes 
the muscle active. In winking the right and left eyes, the procerus was 
active with a little less intensity. This was also true during facial expres- 
sions of revulsion and aggression. In all these movements, subjects always 
showed transverse wrinkles over the bridge of the nose. 

Finally, in the facial expression of sadness and gladness, some subjects 
showed negligible activity in procerus muscle. These expressions having 
been performed by the subjects voluntarily and not “naturally” could 
lead to some confusion. Furthermore, as subjects performed called-for 
expressions, these sometimes did not correspond to the usual concept of 
spontaneous or involuntary expressions. However, the videotape record 
of those facial expressions and movements always showed that whenever 
the subjects provoked transverse wrinkles over the bridge of the nose, 
the procerus was active while the frontalis was not. 


Speech Research 


The lip muscles have been the subject of research by a growing number 
of investigators. Only the group at Haskins Laboratory and the Univer- 
sity of Connecticut has used fine-wire electrodes in a limited fashion for 
speech research on the lips (Gay and Hirose, 1973; Gay et al, 1974; Gay, 
1975), a natural extension of their laryngeal research technique. Most 
speech research has avoided intramuscular electrodes. At the University 
of North Carolina, Lubker, with Parris (1970), extended his speech 
studies of the palate (p 434) to lip muscles. Some progress has emerged 
in improving electrode techniques when fine-wire inserted electrodes are 
unacceptable to the investigator; thus, Allen et al (1973) have combined 
fine-wire techniques with paint-on techniques (using the NASA spray-on 
electrode method for EKGs) with promising early results. Concentrating 
on orbicularis oris (with surface electrodes) are a group at Essex Univer- 
sity in Colchester, England (Tatham and Morton, 1968a, b; Tatham, 
1971), and Fibiger (1971) in Stockholm. These investigators are con- 
cerned with articulated speech and with disturbances such as stuttering. 
Fibiger has spread his interest to other muscles of the lip (1972), as has 
still another group in Stockholm (Persson et al, 1969; Leanderson et al, 
1970, 1971; Leanderson, 1972). 

The last named group has shown among other applied findings that 
linguistic context considerably influences the recruitment of muscles 
used to produce any given phoneme, i.e., the EMG activity pattern 
associated with a phoneme is not constant. When, for instance, 7 was 
preceded by a rounded vowel y there was a considerable activity in 
depressor labii inferioris, while this activity was much reduced when 1 
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was preceded by e. A difference in the amount of motor unit activity was 
observed in one and the same muscle when p and 6 were spoken in the 
same context. The activity was more vigorous at the closure of the p 
than at that of the 6. These differences between voiceless and voiced 
consonants can probably be explained on the basis of a difference in the 
time course of the intraoral pressure during the closure, which has been 
established by previous measurements. Orbicularis oris has been studied 
effectively during articulated speech with tiny paint-on electrodes con- 
nected to fine wires to conduct the potentials (McAllister et al, 1974). 
At the Haskins Laboratories wire hook electrodes have been used quite 
effectively also (Gay et al, 1974). 

At the Speech Research Laboratory of the University of Wisconsin, 
Ronald Netsell and his colleagues are also exploring the use of electro- 
myography in lip function during normal and distorted speech (Netsell 
and Cleeland, 1973). Daniel and Guitar (1973) of that group have studied 
the effects of EMG feedback on facial and speech gestures during 
recovery following neural anastomosis. In Seattle, Folkins and Abbs 
(1975) found that the muscles of the lips and jaw are capable of on-line 
compensatory motor reorganization in response to resistive loading of 
the jaw during speech. In Kyoto and Osaka, the pioneer EMG work of 
Koyama (1982) under the tutelage of Professor Kumamoto has analyzed 
the difficulties of Japanese people learning English pronunciation. 

Particularly useful in future studies of articulatory function of the 
facial and jaw muscles has been the recent work of O’Dwyer et al (1981) 
in Sydney. EMG recordings were taken from 18 orofacial and mandibular 
muscles while gestures believed to be specific to each muscle were 
performed. The anatomic criteria for the placement of the electrodes, 
the specificity of interference patterns obtained, and the degree of 
differentiation of the temporal sequence of activity from that in neigh- 
boring muscles were used to decide on the degree of differentiation of 
the temporal sequence of activity from that in neighboring muscles, and 
they were used to decide on the degree of certainty that a particular 
muscle was being recorded. The appropriateness of each gesture as a 
stimulus to any muscle was determined on the basis of the level of 
activation occurring with the gesture relative to other muscles and its 
degree of variability between subjects. In their six subjects they found 
sufficient variability to sound a warning to others with less refined 
techniques limited to surface electrodes. 


Musical Performance 
A group of music professors from Appalachian State University joined 
Basmajian from time to time to pioneer the use of wire electrodes in the 
lips and cheeks for elucidating the part played by these muscles in the 
embouchure of wind instrument performance. The details are reported 
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elsewhere in a series of papers (Basmajian and White, 1973; White and 
Basmajian, 1973; Isley and Basmajian, 1973; Basmajian and Newton, 
1973). Here the main results are described very briefly. 

Musical performance, like facial expressions, recruits muscles in pat- 
terns that differ from person to person. No absolute pattern is demonstr- 
ably more efficient than another to produce desired expressions or notes. 
However, significant correlation was found between certain patterns of 
lip muscle contraction and proved proficiency ina long series of perform- 
ers. Also found was the fact that performers can deliberately change 
their patterns during a performance if they are given artificial EMG 
feedback with no apparent alteration of the sounds produced. 


Surgical Application 
DePalma et al (1958) made a brief EMG study of the lip musculature 
in full thickness flaps that had been rotated by plastic surgery from the 
upper to the lower lip to fill a wedge-shaped defect. In four patients, 
there was regeneration and reinnervation of the motor nerve to the flap 
with return of apparently normal function. A similar study has been 
reported in Sweden by Isaksson et al (1962). 


NECK MUSCLES 
Platysma 


The first and probably the only careful study of this broad sheet of 
subcutaneous muscle was done by de Sousa (1964), who investigated 20 
men using needle electrodes. The obvious actions of this rather obvious 
muscle produced the greatest activity (pulling the thoracic skin up and 
the angle of the mouth down). 

During abrupt inspiration (but not expiration) there was activity that 
de Sousa interprets as helping to reduce the constricting effect of the 
skin on the subcutaneous veins of the neck. Widening the opening of the 
mouth (“buccal rima”) elicited marked activity, but the natural opening 
of mouth and jaws did not. Active and resisted movements (flexion, 
extension, and rotation) of the neck did not recruit platysma, nor did 
swallowing. 


Sternomastoid, Scalenes, and Longus Colli 


The longus colli muscle is unique; it is the only spinal muscle that both 
lies in front of the spinal column and has attachments confined to the 
vertebrae. Therefore, its effects must be directly upon and restricted to 
the cervical spine—unlike other anterior muscles of the head and neck 
which exert their effects more or less indirectly. Other than the single 
case study by Fountain et al (1966), no EMG reports were available on 
the role of this interesting but deeply located muscle until the 1970s. 

In quick succession, two studies were completed on the sterno(cleido)- 
mastoid. In Sao Paulo, de Sousa et al (1973) and then Vitti et al (1973) 
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in Basmajian’s Atlanta laboratory reported results that overlap and agree; 
these studies probably will remain definitive. The latter study also 
included the longus colli muscle. Using bipolar wire electrodes, Vitti et 
al examined the right and left longus colli (LC) and sternocleidomasto- 
ideus (StM) muscles electromyographically in 10 healthy young adults. 
Action potentials were recorded on FM magnetic tape, and each exper- 
iment was also videotaped. The head-neck motions were recorded using 
a special neck goniometer. The muscles were studied in sitting, supine, 
prone, and lateral positions both during free movements and against 
resistance. 

Vitti et al (1973) found complete inactivity in both sternomastoid and 
longus colli muscles in relaxed sitting, normal breathing, deep expiration, 
and wet and dry swallowing. There was very marked synchronous EMG 
activity of the LC and StM muscles during resisted forward flexion and 
marked activity during neck flexion against head weight in the supine 
position and during resisted right and left side-bending. Variable activity 
was found in both muscles during deep breathing, coughing, forceful 
blowing, loading on top of the head, resisted backward extension, neck 
holding against head weight in the prone position, and in twisting 
movements downwards and upwards. During free flexion-extension 
movements, LC and StM act synchronously. During free lateral bending 
they work homolaterally but during free rotation to the right, the right 
LC works with the left StM and vice versa. 

As noted on p 467, Fruhling and Basmajian studied the scalenus 
anterior muscles of eight young men with inserted wire electrodes 
(unpublished). Figure 20.9 summarizes the findings for deliberate move- 
ments of the head and neck. On p 409, the primary respiratory role of the 
scalenes was pointed out, and it is re-emphasized here. 


Longissimus Cervicis 


Only Fountain et al (1966) have examined this deep muscle in one 
human subject. It was a strong extensor of the cervical spine but had no 
lateral-bending effect. In relaxed sitting, it was silent but acted in 
synchrony with longus colli during rotation. 

When the human subject is sitting or standing in a relaxed position, 
both longus and longissimus cervicis are almost completely inactive. This 
is in keeping with most postural responses in the human erect trunk. 
The same is not true in the dog unless the head is supported externally. 

Longus colli is a strong flexor of the cervical spine, acting reciprocally 
with the longissimus, a strong extensor. Both muscles are synchronously 
active during rotation. Influences on lateral bending of the neck appear 
to be minimal, contrary to widespread belief. Most surprising and inter- 
esting is a pronounced increase in activity in longus colli during talking, 
coughing, and swallowing. Apparently this represents a reflex stabilizing 
of the neck during pharyngeal contractions. 
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Figure 20.9. EMG results of scalenus anterior—movements of neck. 


Semispinalis Capitis and Splenius Capitis 

Although Tourney and Paillard (1952) gave a general account of the 
splenius, probably the only EMG study with modern techniques and 
intramuscular electrodes of the specific functions of these two huge, but 
obscure neck muscles was reported by Takebe et al, (1974). Fifteen 
normal adult subjects had bipolar fine-wire electrodes placed in the 
middle of the bellies of these muscles (determined by repeated dissecting 
room experiments). Myopotentials were integrated and summated by 
computer analysis. 

Semispinalis is almost limited to one main function: extension of the 
head on the neck. No doubt it also has antigravity functions when one 
leans forward; but in well-balanced, erect postures it falls economically 
silent, contrary to widespread opinion. It is not a rotator. 

Splenius capitis is equal to semispinalis in its exuberance during exten- 
sor activity; but it is also just as active during rotation of the head to its 
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own side. It is, then, an important extensor-rotator. Probably it is as 
important in neck rotation as the better known sternomastoid. 


NECK MOVEMENTS 


The slightest attempt of a supine subject to raise his head from the 
couch is accompanied by marked activity in the sternomastoid and 
scalenes. This finding of Campbell (1955) has often been confirmed in 
scattered observations by Basmajian. 

No other systematic reports are available on the activity of these 
muscles as demonstrated electromyographically. However, Hellebrandt 
et al (1956) published an account of their research on the tonic neck 
reflexes in “exercises of stress” of human subjects. This group had noted 
previously that spontaneous ipsilateral head-turning occurred regularly 
during unilateral wrist-extension in hypertonic neurological conditions. 
From their study they conculded that exercise against resistance calls 
upon synergists which may be far removed from the part exercised. The 
pattern of concurrent action in the neck that developed as a result of 
stress in exercising the upper limb is sufficient to modify the position of 
the head. Following this discovery, the use of strong voluntary head- 
movement in the direction of the spontaneous positioning was tested; it 
appeared to augment the output of work. Therefore, this reflex posi- 
tioning of the head does, in fact, appear to help the normal work of the 
upper limb. 


Other Neck Muscles 


Trapezius is discussed with the upper limb in Chapter 12 (p 265), the 
oral diaphragm (floor of the mouth) in Chapter 19 (p 431), the laryngeal 
muscles in Chapter 19 (p 441) and digastricus earlier in the present 
chapter with the muscles of mastication (p 455). No systematic studies 
have been reported on the infrahyoid muscles except for cricothyroid, 
which was studied (along with the anterior belly of the digastric) by 
Lesoine and Paulsen (1968). The greatest intensity of contraction in 
cricothyroid occurs in swallowing. The next level of intensity occurs 
during phonation; then, in reducing order: during strong expiration and 
coughing (equal); strong inspiration; and, finally, quiet breathing (very 
slight). 


CHAPTER 2 1 


Extraocular Muscles and Muscles of 
Middle Ear 


EXTRAOCULAR MUSCLES 


Although Scandinavian, Japanese, and Italian workers have also pub- 
lished in this field, most of the ocular electromyography that has received 
wide attention was done by several small groups of investigators in the 
U.S.A. The two most prolific groups were located in San Francisco and 
New York City. The former includes Marg, Tamler, Jampolsky, and 
other occasional associates; the latter was centered on one investigator, 
Goodwin M. Breinin. Of necessity, this chapter will be entirely a review 
and synthesis of the work of these and other investigators. 

Before proceeding further, it must be clear that electro-oculography, 
which is sometimes confused with electromyography, is distinctly a dif- 
ferent technique and therefore is not the subject of this chapter. Electro- 
oculography is recorded through superficial skin electrodes in the region 
of the orbit and consists of potentials arising in the retina, extraocular 
muscles, and other sources in the orbital cavity. With a venerable but 
rather dull history dating back about a century, it has contined to show 
more promise than results. For an excellent early summary of electro- 
oculography, see Marg (1951). More recent papers with more than 
passing interest are: a brief up-to-date review by Peters (1971) and a 
description of the basic aspects by Bicas (1972). These should serve as a 
jumping-off place for readers interested in exploring electro-oculogra- 
phy. The widest use of the technique is in sleep studies—where the 
emphasis is on the presence or absence of rapid eye movements (REM) 
(see p 474). 

Electronystagmography is related to electro-oculography. It depends on 
the existence of a corneoretinal electrical potential that varies with the 
eye movements during nystagmus. It, too, is beyond the scope of this 
chapter (for a good review, see Milojevic, 1965). 

Electromyography of the muscles that move the eyeball uses direct 
recording of motor unit action potentials from these muscles. Jampolsky 
et al (1959) warn, with proper alarm, against attempts to measure relative 
strength of extraocular muscles by using only the amplitude of potentials 
as the criterion, because there are many sources of EMG artifact. Vari- 
ations in the structure of the muscles being tested and in the positioning 
of the electrodes can also lead to errors. Jampolsky (1970) continued to 
advise caution, flatly stating that electromyography “. . . is of no practical 
usefulness in management of the usual strabismus patient.” He conceded 
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that it is “. . . a very valuable laboratory and investigative tool” to study 
ocular rotations. 


Normal Position and Movement of the Eyeball 


Several groups have shown that the recti exhibit fairly strong, persist- 
ent activity to maintain the position of the eye during waking hours. 
Changing visual inputs constantly affect the level of motor unit activity, 
apparently without imbalance resulting (Serra, 1970). We may conclude, 
then, that positioning results from a balance of activity among these 
muscles, Bjork and Kugelberg (1953) demonstrated a persistence of this 
activity even in darkness. 

These last-named workers also showed that each change of ocular 
fixation is accompanied by a gradual increase of activity in the prime 
mover or agonist with a reciprocal decrease in the antagonist whether 
the movements were slow or fast. With extreme positions of gaze, e.g., 
far to one or other side, the antagonist is usually completely inhibited. 
Kadefors et al (1974) found that the average rectified EMG signal of the 
lateral rectus tends to be an exponential rather than a linear function of 
the degree of ocular deviation. Muscle length is not a major function. 

During fast movements, there is a complete inhibition of the antagonist 
accompanying the sharp short burst of activity in the agonist (Fig. 21.1). 
During a saccadic eye movement, Tamler et al (1959) founda heightened 
burst of activity in the agonist, inhibition of the antagonist, and coactivity 
of the auxiliary muscles. A saccadic eye movement is a type that occurs 
in changing the gaze from one point in space to another and includes 
small terminal oscillations. Tamler et al confidently assert that rapid 
movements of this sort are not ballistic in nature (see Chapter 9, p 225). 
Miller’s (1958) independent findings would seem to agree (Fig. 21.2), 
although he stated that for large movements one or more bursts of 


Figure 21.1. EMG records from lateral rectus (upper tracing) and medial rectus 
of one eye during quick changes of fixation from 10° outward to center of scale 
and back to 10° outward. There is abrupt inhibition in the antagonist simulta- 
neous with increase in agonist activity. (From A. Bjrk and A. Kugelberg, ©1953, 
Electroencephalography and Clinical Neurophysiology.) 
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Figure 21.2. EMG records from medial and lateral rectus during a 5° saccadic 
movement. (From J.E. Miller, ©1958, American Journal of Ophthalmology.) 


activity, in addition to the initial burst, may be found. Nonetheless, the 
antagonist remains completely inhibited. Yamazaki (1968) found essen- 
tially the same (but limited to 13 ms in duration) in the medial and lateral 
recti as part of tiny horizontal flick movements when monocular fixation 
is performed. 

Robinson (1965) has shown that both smooth pursuit and saccadic 
movements may occur with completely temporal independence. Smooth 
movements may occur just before, after, or with saccadic ones. 

There seems to be no doubt, then, that the muscles of the eye are in 
more-or-less continuous activity, except during sleep (see below). Indeed, 
their role may be best compared to dynamic guy-wires. 


Position of Ocular Rest 


Among oculists, the position of the eyes during sleep and anesthesia 
has been the subject of much interest, speculation, and investigation. 
Reported observations have been conflicting and sometimes confusing. 
During anesthesia, for example, different degrees of vergence have been 
reported, as well as versions during the induction stage. In surgical 
anesthesia, the movements cease, and during the asphyxial stage of 
anesthesia, a convergent depressed position may be assumed. A similar 
behavior may be noted during fainting (Wojtowicz, 1966) and sleep 
(Breinin, 1957 et seq). 

According to Breinin (1957b), the disappearance of esotropia during 
anesthesia is a frequent observation, with straight eyes or divergence 
taking the place of esotropia. While investigating the electromyographic 
changes during anesthesia and sleep, Breinin found that the “innerva- 
tion” to all horizontal recti rapidly decreased during the induction of 
general anesthesia with intravenous Pentothal in a patient with intermit- 
tent exotropia. When the surgical plane was reached, all nerve impulses 
were repressed, and the eyes occupied a moderately divergent position. 
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As the level of anesthesia lightened, individual motor units began to 
discharge. When the plane of anesthesia was again deepened, the motor 
unit activity disappeared promptly. Therefore, the position of the eyeball 
during surgical anesthesia suggests that the motor nerve impulses to the 
extraocular muscles cease completely. 

The position of the eyeball during anesthesia is apparently dictated by 
anatomical-mechanical factors—bony, fascial, and muscular—and rep- 
resents the anatomical position of rest. It is, then, the basic position which 
is modified by the normal factors of motor innervation during conscious- 
ness. If this basic position is one of divergence, then a basic stress toward 
divergence must underlie whatever position the eyes assume in conscious- 
ness, according to Breinin. “It opposes esodeviation and facilitates exo- 
deviation.” The frequency of divergence under surgical anesthesia sup- 
ports the concept of a basic anatomical divergence, to which, in exotropia, 
may be added innervational divergence. 

Eye Movements during Sleep 

During the light dozing phase preceding ordinary sleep, very irregular 
discharges and bursts of potentials appeared in Breinin’s investigations. 
He reports that a run of double and single MUAP occurred at intervals, 
as well as rhythmical trains of potentials (Fig. 21.3). During what ap- 
peared to be lightening of sleep induced by particularly cacophonous 
snores, a single burst of MUAPs occurred, accompanied by an obvious 
movement of the eyeball. 


Figure 21.3. (A and B) EMG records (upper tracing in each case) with simulta- 
neous electro-oculograms of medial rectus during sleep. Tracing C shows re- 
sumption of normal waking pattern (toward its right end). (From G.M. Breinin, 
©1957b, AMA Archives of Ophthalmology.) 
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The commoner method of sleep researchers is the much less precise 
DC electro-oculography. Initially, eyelid closure induces upward move- 
ment of the globes; there they remain for 55 to 85% of the time spent 
in stages 2, 3, and 4. With the onset of the stage now known as the rapid 
eye movement (REM) sleep, they move down to the central position and 
begin to flick rapidly—usually in oblique directions but sometimes in the 
horizontal or vertical directions (Jacobs et al, 1971). Eye movements do 
not occur in infants during quiet sleep but appear as both slow rolling 
movement and REMs (in varying amounts) during irregular sleep (Prech- 
tal and Lenard, 1967). 


Asymmetric Convergence 


Asymmetric convergence may be defined as convergence of the eyes 
occurring in any direction other than along the median plane. For 
example, this would occur if an object approached one eye directly from 
the front. This would require a much greater convergent movement of 
the other eye to fixate on the approaching object. Breinin (1955) ob- 
served that whenever an eye turned in either a version or a vergence 
movement, there was an increase in the electrical activity of the agonist 
accompanied by a reciprocal inhibition of the antagonist. When he noted 
no change in activity in either horizontal rectus of the stationary eye 
during asymmetric convergence, he concluded that the antagonistic 
innervations for a version and vergence movement cancelled each other 
in the brain and never reached the muscles. If the motor impulse to that 
eye were to change, it would have to move. However, fixation precludes 
such movement. Miller (1959) seems to agree. He found that sudden 
asymmetric convergence is accompanied by a burst in the yoke muscles 
(i.e., pairs of muscles which are agonists in performing versions) followed 
by a convergent pattern in both medial recti. No increase in coactivity 
to horizontal antagonists was found during slow asymmetric convergence 
on an approaching target until the near point of convergence was 
approached. 

An early EMG study by Blodi and Van Allen (1957) also agreed with 
that of Breinin. They found that there was no change in the myoelectric 
signal from the horizontal muscles of the apparently stationary eye during 
asymmetric convergence. They also suggested that the sum total of 
innervation of the two horizontal muscles has to remain the same, 
regardless of the position of the eye. 

On the other hand, Tamler et al (1958) presented electromyographic 
data which support Hering’s concept of peripheral receipt and adjust- 
ment of opposing stimuli to the apparently stationary eye during asym- 
metric convergence. According to them, the reason the eye remains 
stationary is due to cocontraction of opposing horizontal recti, that is, 
there is a simultaneous increase in innervation of the lateral and medial 
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rectus muscles. One possible reason why other investigators have not 
found this by EMG was, they suggest, a failure to induce a sufficient 
amount of angular convergence in the moving eye in order to register 
observable changes on the electromyogram of the stationary eye. 

Hering’s law appears to be supported by both of two test methods of 
asymmetric convergence. The first is that of smooth, binocular conver- 
gence along the axis of one eye, and the second is that of uncovering 
one eye to force a fusional convergent movement while the other eye 
continues to fixate. 

In “breaking fusion” Tamler et al often found simultaneous decrease 
in innervation of the horizontal recti of the stationary eye. They explain 
that if it did not occur, then continued refusion movements with repeated 
covering and uncovering of an eye would cause greater and greater 
buildup of electrical activity in the horizontal muscles of the stationary 
eye. 
Blodi and Van Allen (1960) finally laid to rest the theory that vergence 
movements by the medial recti were somehow controlled by the sympa- 
thetic nervous system. After anesthetizing the cervical sympathetic trunk 
in human subjects, they found no EMG change and no directly observable 
change from the normal response of convergence on command. 


Cocontraction 


Cocontraction as applied to extraocular muscles (as with synergists in 
other skeletal muscles) is defined as the simultaneous increased contrac- 
tion of extraocular muscles which are normally antagonistic in their 
primary field of action. One suggestion has been that cocontraction 
occurs when the eye moves from its primary position to any secondary 
or tertiary position. According to this hypothesis, as the lateral rectus 
abducts an eye, the vertical recti as well as the superior and inferior 
obliques cocontract to steady the eye in its horizontal path. At the same 
time, the cocontraction is believed to prevent undue torsion of the globe 
and perhaps helps to maintain the abduction because the lateral rectus 
loges its mechanical advantage as the movement progresses. The same 
reasoning would apply to adduction, supraduction, and infraduction 
(Tamler et al, 1959). 

Tamler et al (1959) studied the electrical activity of four extraocular 
muscles simultaneously in many subjects. They concluded that there is 
little or no increased coactivity of auxiliary extraocular muscles in ad- 
duction, abduction, supraduction, and infraduction during slow, vertical, 
and horizontal following movements in planes through the primary 
position (Fig. 21.4). This does not necessarily mean that they do not 
contribute to the movement. Apparently, the effect of muscle activity on 
eye movement depends upon the position of the eye at that particular 
moment. Hence, they suggest that the “primary position innervational 
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Figure 21.4. EMG records from various muscles of “up gaze” in sagittal plane 
of left eye. No obvious change in lateral and medial recti. (From E. Tamler et al, 
©1959, AMA Archives of Ophthalmology.) 


tonus” of the auxiliary muscles, which does not appear to change during 
these movements, may indeed contribute to the movement after the eye 
has gone a certain distance. Also, the primary position tonus may be all 
that is necessary to steady the eye and prevent torsion during the 
movement. Tamler and his group conclude that although one can deduce 
muscle contraction with certainty from the electrical activity of a muscle, 
one cannot firmly state the function of the muscle at that moment. 

Furthermore, they insist that normal muscle activity, as found in the 
primary position, is present in the auxiliary muscles during movement 
but that systematic changes in coactivity do not generally occur. Occa- 
sionally, they did find barely perceptible changes in the recordings from 
those muscles which are auxiliary during movements. These changes, 
when elicited, had no systematic pattern and therefore are not consistent 
with a cocontraction hypothesis that requires systematic changes with a 
given direction of movement. Therefore, these authors, quoted here so 
extensively, are in basic agreement with Breinin’s conclusion regarding 
the same problem. 

Innocenti (1971) studied the EMG activity of extraocular muscles in 
unanesthetized rabbits during oculocompensatory positions. During in- 
clination around a longitudinal axis, units belonging to the superior and 
medial rectus and to the superior oblique were seen to be activated by 
ipsilateral and inhibited by contralateral inclination; the units belonging 
to the inferior rectus, inferior oblique, and lateral rectus showed an 
opposite pattern. 

During upward inclination around a bitemporal axis, the units of 
medial and inferior rectus and superior oblique of both eyes were 
activated while the units belonging to the other extraocular muscles were 
inhibited and often unaffected. An opposite pattern was exhibited by the 
same units during downwards incliniation. A linear ratio was found 
between the degree of inclination and the increase in discharge rate of 
extraocular units. 
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Stretch and Proprioceptive Effects 


Sears et al (1959) were concerned about the proprioceptive function 
of the tension in the extraocular muscles. Previously, muscle spindles 
had been observed in the muscles of the eye by Cooper and Daniel 
(1949). Using EMG techniques, Sears et al investigated the possible 
existence of stretch mechanisms in human extraocular muscles using 
patients prior to surgical enucleation of the eye. Under topical anesthesia 
they inserted a concentric needle electrode into one of the horizontal 
recti muscles. Recordings were made with the eyes both in primary and 
in horizontal gaze, the latter about 30° beyond the midline. A suture 
was placed through the tendon of one horizontal rectus muscle which 
was then cut away from its insertion distal to this ligature. The effects of 
disinsertion and of gentle manual pulling on the suture were recorded 
from the agonist muscle, while the muscle was acting as either agonist, 
antagonist, or yoke muscle. With the eyes in primary gaze, they found 
that the action potentials were unchanged by disinsertion or manual pull. 
During agonist contraction, however, stretch of the agonist itself, of the 
antagonist, or of the yoke muscle produced a decrease in the frequency 
and amplitude of the discharges. This inhibitory effect was not observed 
in a patient with oculomotor palsy when stretch was applied to the 
muscles of an eye which had a previous retrobulbar alcohol injection. 

We can only agree with Sears and his colleagues that probably the 
extraocular muscles of man do have receptors which can be stimulated 
by passive stretch. Breinin (1957a) reached the same conclusion, stating: 
“. .. it appears that a proprioceptive mechanism must be postulated for 
the extraocular muscles. It is not implied that such a mechanism provides 
muscle position sense or awareness. Failure to make this distinction has 
resulted in confusion in the past.” 

Bearing on the problem of control mechanisms is the possibility of 
innervational plasticity of the oculomotor system. This was investigated 
experimentally by Metz and Scott (1970). Studies in 14 rhesus monkeys 
utilizing superior and lateral rectus muscle cross-transplantation resulted 
in return of conjugate eye movements within 10 days. Electromyographic 
recordings from transplanted and normal extraocular muscles indicated 
no change in innervational patterns. Central sixth nerve stimulation and 
postmortem orbital examination demonstrated that observed ocular 
movement can be explained mechanically and need not result from 
innervational plasticity. 


Eye-Head Coordination 


Eye-head coordination was investigated by recording from the neck 
and eye muscles in monkeys by Bizzi et al (1971). The results show that 
(1) during eye-head turning, neural activity reaches the neck muscles 
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before the eye muscles; and (2) all agonist neck muscles are activated 
simultaneously, regardless of the initial head position. Since overt move- 
ment of the eyes precedes that of the head, it was concluded that the 
central neural command initiates the eye-head sequence but does not 
specify its serial order. Furthermore, it was determined that the compen- 
satory eye movement is not initiated centrally but instead is dependent 
upon reflex activation arising from movement of the head. 
Eyelids 

Bjork and Kugelberg (1953) performed the first and definitive studies 
on the levator palpebrae superioris and orbicularis oculi. They found 
the levator to be continually active during waking hours, except when 
looking sharply downwards or when the eyes are closed. Lowering of 
the upper lid is accompanied by progressive decrease in levator activity 
but with little or no activity in the orbicularis. In other words, the lid is 
lowered passively by the relaxing of the levator. The lowering of the lid 
in the act of blinking, however, is caused by activity in orbicularis with 
immediate cessation of activity in the levator (Fig. 20.5). This is followed 
immediately by the reverse (inhibition of orbicularis and activity in 
levator). 

Blinking was also studied by Van Allen and Blodi (1962). They too 
found a quick, well-controlled, reciprocal relationship between the or- 
bicularis oculi and levator palpebrae superioris. This occurred as ex- 
pected in normal people, but it also was preserved in the presence of 
gross neurological conditions affecting the region. 

Though not an appropriate topic here, the blink reflex may interest 
some readers. Since the early work of Kugelberg (1952), scattered papers 
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Figure 21.5. (A) EMG signals of blinking from levator palpebrae superioris (upper 
trace) and orbicularis oculi. (B) Spontaneous blinking. (From A. Bjork and E. 
Kugelberg, ©1953, Electroencephalography and Clinical Neurophysiology.) 
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have appeared (e.g., Wojtowicz and Gwozdz, 1968; Young and Shahani, 
1969; Ferrari and Messina, 1972). 

In view of the indecision surrounding the innervation of the levator 
palpebrae and arising from the drooping or ptosis of the lid that is part 
of Horner’s syndrome, Blodi and Van Allen (1960) investigated this 
muscle further. Duplicating a Horner’s syndrome by producing a block 
in the cervical sympathetic trunk with local anesthetic, they found no 
significant effect on the levator. Even with marked ptosis of the upper 
lid, the activity in levator was not reduced. Blodi and Van Allen also 
found normal EMG signals in the levators of patients with long-standing 
Horner’s syndrome. Therefore, taking all this together, we must con- 
clude that the sympathetic nervous system does not innervate the striated 
levator palpebrae. The drooping of the lids in Horner’s syndrome is not 
due to any direct paralytic effect on the striated fibers but appears to be 
due to paralysis of smooth muscle. 


MUSCLES OF THE MIDDLE EAR 


As the reader would suspect, the tiny stapedius and tensor tympani 
muscles have not been studies extensively. However, Berlendis and De 
Caro (1955) in Italy, Wersall (1958) in Stockholm, Kirikae (1960) of 
Tokyo, Carmel and Starr (1963) of Bethesda, MD, Dewson et al (1965) 
at Stanford University, Henson (1965) at Yale, and Teig (1973) in Oslo 
have performed EMGs within the middle ear of experimental animals. 
In Copenhagen, Salomon and Starr (1963) and in Zurich, Fisch and 
Schulthess (1963) made direct recordings from human patients. But most 
studies of tensor tympani and stapedius in man have been made by an 
ingenious indirect method now gaining fairly wide acceptance. This 
depends on measurements of changes in acoustic impedance in the 
external ear canal. Interested readers should consult Mgller (1961) for 
a technical description. 

Wersall’s beautiful experiments, which were performed on rabbits and 
cats and were described in his monograph, established several important 
points. He showed that there is continuous activity at rest, i.e., resting 
tonus, in these middle ear muscles. When sound reaches the eardrum 
there is a small delay (less than 0.1 s) before a reflex contraction of the 
muscles becomes evident. This delay is constant regardless of the intensity 
of the sound. There is, however, a threshold above which the sound 
must rise to elicit the reflex. It is generally higher in the tensor tympani 
than the stapedius. Nonetheless, contrary to widely held opinion, protec- 
tive action against sudden loud noises is no more developed than against 
a moderate noise. 

Wersall showed a characteristic difference between the two muscles in 
the dependence of reflex tension on sound intensity. Stapedius, but not 
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tensor tympani, reaches a plateau before the sound is so intense as to 
become injurious. Under the stimulation of steady sound, the reflex 
contractions of both muscles often showed undulatory fluctuations. Dur- 
ing strong sustained stimulation, the tension drops to a steady state in 
both muscles. Wersall ascribed this fall in tension to fatigue. 

Kirikae (1960) measured the latency of the acoustic reflex more 
precisely than Wersall. For stapedius it was 3.4 ms and is shorter than it 
is for tensor. Activating time, which requires muscle contraction, is 2 to 
3 ms. Maximal contraction takes it a further several ms. Fatigue or 
adaptation phenomenon were also prominent in his studies. 

In unrestrained cats, Carmel and Starr (1963) added a number of new 
observations or confirmed Wersall’s findings. As in his investigation, the 
middle ear muscles were found to relax gradually during prolonged 
sound stimulation. Both muscles contract during certain bodily move- 
ments and vocalization. Reflexes are modified by previous exposure to 
loud noises. Application of electric shock concurrently with test signals 
also modifies the responses of the muscles. Thus they concluded that a 
wide variety of dynamic processes influence the activity of middle ear 
muscles, not just the physical characteristics of sound impinging on the 
ear. 

The limited studies on man reported by Salomon and Starr (1963) 
revealed the middle ear muscles to be active with general motor events, 
such as closing the eyes, movements of the face and head, vocalization, 
yawning, swallowing, coughing, and laughing. Thus they proposed the 
theory that central controls for these functions are closely integrated. 
Dewson et al (1965) found (in cats) a close similarity or relationship in 
the EMG reaction of the middle ear muscles and the stage of rapid eye 
movements during sleep. During surgery et al (1963) recorded EMG 
activity of the stapedius muscles in 10 patients (six with facial palsy, two 
with otosclerosis, and one each with Meniére’s disease and chronic otitis 
media). Only two who had normal ossicles were reported on. Both had 
spontaneous resting activity at the noise level of the operating room, but 
general anesthesia abolished it completely. Reflex latency studies con- 
firmed results obtained by indirect methods. 

The activity and function of middle-ear muscles in echo-locating bats 
forms the subject of an intriguing paper by Henson (1965). He found 
that stapedius begins to contract just before vocalization and reaches its 
maximum as each pulse begins, apparently to dampen the ossicles during 
the sound-emission stage. Relaxation starts immediately and continues 
during the echo phase, apparently to allow its maximum perception. 
Tensor tympani seems to play no part in this system. Jen and Suga (1976) 
have provided elegant expansion to Henson’s earlier work. 

Finally, mention should be made of a related technique for the study 
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of reflex contractions of stapedius and tensor tympani by the indirect 
method of acoustic impedance at the tympanic membrane. The Zwislocki 
acoustic impedance bridge in the external ear canal is used in both 
experimental animals and man (e.g., Borg, 1972; Deutsch, 1972). 


CHAPTER 22 


Motor Nerve Conduction Velocity and 
Residual Latency 


Inseparably wrapped up in function with the skeletal muscles are their 
motor nerves. The use of human nerve conduction velocity in studying 
abnormal states was introduced by Harvey and Masland (1941). Their 
technique, which has been followed with minor variations by others, 
consisted of recording action potentials from the hypothenar muscles 
following electrical stimulation of the ulnar nerve (Figs. 22.1, top and 
bottom; 22.2). A simple and clear description of technique is given by 
Lundervold et al (1965), and the entire field is reviewed in book form 
by Smorto and Basmajian (1979). That book deals at great length with 
all aspects of nerve conduction tests, both motor and sensory, with an 
emphasis on clinical applications. Here in this chapter only a general 
consideration is given to the most significant features of normal electro- 
neurography. 

Hodes et al (1948) adapted this technique to the study of nerve 
conduction velocity as well as the action potentials of normal and abnor- 
mal nerves. Stimulating the ulnar nerve first at the elbow and then at 
the wrist while recording action potentials of the abductor digiti minimi, 
they determined the difference between the two latencies of response. 
The distance between the two points of stimulation divided by the 
difference in latencies yielded an accurate measure of the conduction 
velocity of the most rapidly conducting fibers in the nerve. Assuming 
the speed was constant, Hodes et al calculated the time that should be 
taken by the impulse to reach the muscle and found that it was always 
less than the measured latency of the muscle action potential. Therefore, 
there is a small “residual latency” caused by either a slower velocity in 
the finer terminal portions of the nerve, or a delay at the neuromuscular 
junction, or a combination of these two factors. Indeed, Trojaborg 
(1964) has shown that the conduction velocity falls in the distal part of 
the median and ulnar nerve trunks. Spiegel and Johnson (1962) hold the 
opposite view. 

In a series of papers, Magladery et al (1950a—c) extensively analyzed 
patterns of electrical activity evoked by stimulation of mixed peripheral 
nerves in human limbs. Their results indicate a slowing of the impulse 
in distal portions of both motor and afferent nerve fibers, which accounts 
for a portion of the residual latency as described by Hodes et al. 

Norris et al (1953) determined ulnar nerve conduction velocities and 
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Figure 22.1. (Top) Electromyographic electrodes on hypothenar muscles and 
stimulating cathode on ulnar nerve above the elbow. Black mark above wrist is 
site for other stimulation point. (From M.D. Low et al ©1962, American Journal 
of the Medical Sciences.) (Bottom) Diagram showing method of computing 
conduction speed in a segment of nerve. (From M.P. Smorto and J.V. Basmajian, 
©1979, Williams & Wilkins, Baltimore.) 
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Figure 22.2. (Upper record) Stimulus above elbow. (Lower record) Stimulus 
above wrist. Conduction time from stimulus (S) to the start of a muscle twitch 
(M) can be measured by comparing with the time signal (series of white dots at 
5-ms intervals). (From M.D. Low et al, ©1962, American Journal of the Medical 
Sciences.) 
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“residual latencies” in 25 subjects ranging in age from 20 to 90 years. 
They found a decrease in velocity but no change in residual latency with 
increasing age. 

Normal minimum values in average adults (rounded out, in meters 
per s) for various human nerves are: median and ulnar, 47 m/s; deep 
peroneal, 38 m/s; posterior tibial, 39 m/s (Schubert, 1963). The mean 
velocity for the radial nerve is 56 m/s according to Downie and Scott 
(1964), but it is 66 to 74 m/s according to Gassel and Diamantopoulos 
(1964). The mean velocity in the sciatic nerve is 51 m/s when abductor 
hallucis is recorded, and 56 m/s when a shorter length of nerve is 
studied, i.e., when gastrocnemius is used for recording (Gassel and 
Trojaborg, 1964) (see Table 22.1). 

Mayer (1963) gives the following motor conduction velocities for the 
age group 10 to 35 years, which are rounded out to the closest whole 
number: 

Median: wrist-elbow—59 + 4, and elbow-axilla—66 + 5 m/s 

Ulnar: wrist-elbow—59 + 4, and elbow-axilla—64 + 3 m/s 

Common peroneal: 50 + 6 m/s 

Posterior tibial: 46 + 4 m/s 


In a much older age group (51 to 80 years) the velocities were lower 
by about 4 or 5 m/s in almost all the above categories. 

One always must apply “average normal” and “minimum” velocities 
with caution to individual cases. A wide fluctuation is possible during 
one session or from day to day, as shown by our experiments described 


Table 22.1 
Normal Readings for Motor Nerve Conduction Velocity (m/s) 
Mean Range S.D. Source 
Ulnar 55.1 6.4 Johnson & Olsen 
58.7 50.8-66.7 4.0 Abramson et al 
59.1 49.1-65.5 Henriksen 
60.4 47.0-73.0 5.8 Thomas & Lambert 
Median 56.1 46.8-68.4 4.5 Abramson et al 
56.4 47.9-68.3 5.4 Jebsen 
58.5 53.0-64.3 Henriksen 
Radial 58.4 45.4-82.5 6.7 Jebsen 
72.0 6.1 Gassel et al 
Tibial 46.2 37.4-58.9 3.3 Jebsen 
50.2 9.3 Johnson & Olsen 
Peroneal 47.3 40.2-57.0 4.3 Jebsen 
50.1 12 Johnson & Olsen 
51.0 3:3 Thomas & Lambert 


51.5 45.6-56.3 Henriksen 


“From M.P. Smorto and J.V. Basmajian, © 1979, Williams & Wilkins, 
Baltimore. 
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below and those of Christie and Coomes (1960). With variable physical 
factors playing a very real role, considerable error can creep into the 
results (Schubert, 1964). 

LaFratta and Smith (1964) have shown that, on the average, conduc- 
tion velocities are greater in women than in men, although the overlap 
shown in their graph seems quite large. They also found a slight decline 
in velocity with the older age groups. 

The use of these EMG methods to determine slowing in nerves affected 
by injury and various neuropathies has been discussed by Johnson and 
Olsen (1960) and Bastron and Lambert (1960), and by others. In thor- 
ough articles, Thomas (1961) and Dunn et al (1964) reviewed the 
progress made in the clinical applications of these techniques. The 
purpose of this chapter (and, indeed, this book) is to avoid purely clinical 
discussions while providing a solid foundation of information about 
normal neuromuscular function as revealed by this application of elec- 
tromyography. One does this reluctantly, for the recent clinical literature 
on conduction velocity is profuse. (See Clinical Electroneurography, 
Smorto and Basmajian, 1979). 

Detailed study of normal conduction velocity and residual latency, 
carried out on volunteers over a period of hours, showed that conduction 
velocity in the motor fibers of the ulnar nerve between the elbow and 
the wrist fluctuates considerably, sometimes rather widely from time to 
time in any individual (Low et al, 1962). Therefore, single clinical 
estimations must be viewed with caution. Residual latency, a function of 
the delay in the terminal neuromuscular apparatus, also shows a fluctua- 
tion with time. Nevertheless, the study of the residual latency offered a 
new tool in the investigation of neuromuscular function. It deserves 
wider investigation, but to date it has been neglected. 

The most striking observation in individual experiments was the fluc- 
tuation in conduction velocity. In individual subjects, velocities measured 
15 minutes apart fluctuated by as much as 8 m/s. Generally, the first two 
or three determinations (during the first 30 minutes of an experiment) 
tended to be higher than those that followed. Aside from this (inconstant) 
tendency for the velocity to decrease as the experiment progressed, 
values did not vary in a predictable way. 

Because the temperature of the limbs was not controlled, temperature 
variations may account for some of the differences observed between 
individuals and for some of the differences from time to time in the same 
person. Such variations were considered and deliberately accepted from 
the start so that the results might be directly comparable to determina- 
tions made on patients in routine diagnostic clinics where elaborate 
temperature control is impractical. 

The mean control value for the conduction velocity in the ulnar nerve, 
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which was 56.3 + 4.2 m/s, agrees closely with values quoted in the 
literature, those given by Thomas et al (1959) for the ulnar nerve, being 
56 + 4.6 m/s. 

No one had commented previously on the fluctuation in conduction 
velocity with the passage of time in normal subjects. Reasons for the 
irregular fluctuations are not evident in the literature. Undoubtedly, 
progressive cooling of the forearm occurs as it lies exposed during an 
experiment but, as explained before, temperature changes can be only a 
part of the explanation. 

Changes in blood flow, variations in metabolic processes of the nerve 
or nearby muscle, or changing influences from the central nervous system 
all must contribute to the fluctuations. An important implication of their 
occurrence is that we should be cautious in making only one or two 
determinations in a brief period to compare with “normal” or “abnormal” 
values. Johnson and Olsen (1960) state that their whole procedure takes 
“... five or ten minutes in a co-operative patient.” None of the other 
writers reports exactly what time is involved in the determination of 
their velocities. Sources or error in routine “diagnostic” tests are many 
and complex. Gassel (1964) incriminates the following: recordings of 
potentials arising from muscles at a distance from electrodes; anomalous 
innervation; and spread of stimuli other than that over which the record- 
ing electrodes are placed. Simpson (1964) also warns against facile 
acceptance of results. 

Nerve conduction velocities may be influenced by various conditions 
other than neurological disease and by pharmacological influences. For 
detailed reports (which would be out of place in this book) one should 
refer to the following: the effects of chronic alcoholic polyneuropathy 
(Mawdsley and Mayer, 1965); the acute effects of ethanol (Low et al, 
1962); effects of acute drug intoxication (Pihkanen et al, 1965); and of 
cold (de Jesus et al, 1973). 

Aging affects nerve conduction velocity, especially during the early 
years. From | month of age to 4 years, mean velocity rises from 33 m/s 
to over 50 m/s (Wagner and Buchthal, 1972). In adults, Trojaborg 
(1976) reported a drop of 2 m/s in the musculocutaneous nerve for each 
decade of increase in age. However, Nielson (1973) has shown that there 
is no significant difference due to the sex of the subject. 


RESIDUAL LATENCY 
The mean of control residual latencies of 1.52 + 0.21 ms (Low et al, 
1962) is somewhat lower than the other three mean values of residual 
latency in adults reported in the literature. Hodes et al (1948), Norris et 
al (1953), and Bolzani (1955) gave values of 2.2, 1.7, and 2.68 ms, 
respectively. 
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Like the values for conduction velocity, the residual latencies deter- 
mined in each person fluctuate throughout an experiment lasting several 
hours. They tend to drop slightly, probably for the same sort of reasons 
that cause variations in conduction velocity. Only one paper comments 
on any positive change in residual latencies during experiments. Hodes 
et al (1948) reported that in regenerating nerves (ulnar and median) 
following suture, the residual latencies were greater than the values for 
the same nerves under normal conditions. At the same time, they found 
that nerve conduction velocity was slowed. In a study by Norris et al 
(1953) performed on a large number of subjects from 50 to 90 years of 
age, the velocity of conduction in the ulnar nerve decreased with increas- 
ing age, but the residual latencies remained unchanged. 

Before concluding this chapter, a more comprehensive definition of 
“residual latency” than that offered by other writers must be made by 
discussing its elements. An important component of the residual latency 
must be the time taken for the muscle to respond to depolarization of 
the endplate. The residual latency must also include a short time taken 
by the muscle action potential to pass beneath the proximal recording 
electrode because muscles have a slow conduction velocity ranging from 
1.3 to 4.7 m/s, as shown by Ramsay (1960) and Eccles and O’Connor 
(1939). With surface electrodes, this factor is extremely small because 
they are placed over the area of innervation and they gather potentials 
from a relatively wide area. 

Another component of the residual latency, the slowing of the impulse 
in the final terminal fibers of the nerve, has been calculated by Eccles 
and O’Connor (1939) to be about 0.2 ms. There is a fourth and perhaps 
the most significant component: the time consumed by neuromuscular 
transmission or the “synaptic delay.” Direct measurements of this delay 
give values of about 0.5 ms (Eccles and O’Connor, 1939). According to 
Nachmansohn (1959) and Fatt (1959), this delay must be due to the time 
taken by electrical events in the nerve ending causing the release of 
acetylcholine and the corresponding buildup of the postsynaptic poten- 
tial. The transmission of acetylcholine across the 500 A gap cannot be a 
factor in the delay since Eccles and O’Connor estimated that this process 
should take no more than 10 us. 

Thus the latent period from the arrival of the impulse at the fine ~ 
terminal nerve branches to the beginning of the muscle action potential 
is composed of the four factors discussed above. This time has been 
measured directly; in mammalian striated muscle it is approximately 0.85 
ms (Eccles and O’Connor, 1939). The values for residual latency deter- 
mined in our experiments are of the order of 1.5 ms; therefore, they 
must include factors in addition to the four previously mentioned. 

According to some authors (Magladery and McDougal, 1950; Gilliatt 
and Thomas, 1959) there is a decrement in conduction velocity along a 
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nerve in an extremity. Thus the distal portions conduct more slowly than 
proximal segments of the same nerve (Copack et al, 1975). If this is true, 
then the assumption that the velocity of the impulse from elbow to wrist 
is the same as that from wrist to muscle must introduce an error in 
calculation of the residual latency by the accepted method (i.e., subtract- 
ing the calculated latency of response in the hypothenar muscles applied 
at the elbow from the observed latency). This is mentioned by Magladery 
and McDougal, and probably it contributes most of the remainder of the 
residual latency. In our series this portion would be about 0.67 ms. 


SENSORY NERVE CONDUCTION 


Although this subject is fully considered in our other book (Smorto 
and Basmajian, 1979), here it might be briefly reviewed as an introduc- 
tion for some readers. Direct recording of nerve potentials dates from 
1949 when Dawson and Scott developed the first clinical approach to 
the study of the sensory nerve latencies in man. They showed that by 
summation of single responses, potentials may be recorded from the 
skin. They first applied the method to clinical diagnosis of peripheral 
nerve lesions. 

The early experiments were concerned with sensory latencies obtained 
by applying electrical stimuli to the ulnar and median nerves at the wrist. 
The stimuli evoked afferent volleys of potentials in the sensory fibers of 
the nerve trunk. A pair of surface electrodes were placed over the course 
of the nerve at different levels of the arm and elbow. Dawson and Scott 
analysed these waves, which were small, di-, or triphasic and were less 
than 50 wV in amplitude. The durations were 2 to 3 ms. This method 
elicited not only orthodromic ascending sensory waves, but also anti- 
dromic stimulation of the motor fibers of the same nerve. 

Seven years later Dawson (1956) modified his technique in order to 
eliminate the antidromic stimulation; instead of applying the stimulus at 
the wrist (where both sensory and motor fibers are present) he stimulated 
the nerve at the fingers where no motor fibers are present. The sensory 
nerve potentials evoked in this way were recorded at the wrist. However, 
the evoked potentials were much smaller in amplitude (5 to 15 wV). 
Nevertheless, Dawson successfully recorded the small potentials in 14 
normal subjects. (The sensory latency between the fingers and the wrist 
averaged 4.73 ms.) The motor latencies from the wrist to hypothenar 
muscles or wrist to thenar muscle were about equal—5.12 ms. Details of 
methodologies and results are given in Smorto and Basmajian (1979). 

Shagass (1961) described a method for recording cerebral evoked 
potentials after stimulation of major peripheral nerves of the body by 
using an averaging technique. In 1963 Liberson and Kim, by using the 
mnemotron, were able to record evoked potentials from the median, 
ulnar, radial, tibial, and peroneal nerves. They also concluded that while 
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the method of cerebral evoked potentials permits assertion of the conti- 
nuity of a sensory nerve, a precise determination of the conduction 
velocity may be somewhat difficult. 

Determination of conduction velocities in sensory fibers elicited by H 
and F reflex responses has held considerable interest, but systematic 
study which early depended on the work of Liberson et al (1966) has 
now expanded to involve many clinical investigators. The chief usefulness 
of the technique is in the presence of pathology; therefore, a review of 
this field may be obtained from Smorto and Basmajian (1979). 
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A 


Abdomen, 262, 389-407 
compression reaction, 425 
wall, 389 
Acceleration, 225 
Acetylcholine, 11, 488 
Action potentials, 8-10, 50, 65-124 
Activity, antagonistic (see Antagonist) 
reflex, intermittent, 257 
resting, 245-248 
Afferent discharge, 243 
Age effects, 70 
Agonist-antagonist, 195, 223-229 
Agonists, 10, 223-229 
Algorithm, decomposition, 108 
superimposition, 112 
Alpha-motoneuron, definition, 8 
Amplifiers, 50, 59 
bandwidth, 55 
characteristics, 50-59 
differential, 53 
high input, 191 
Amplitude, definition, 9, 65 
factors, 39, 67, 187 
force relationships, 187-200 
Amputees, 367 
Analysis, computer, 72 
EMG signal, 65 
Anesthesia, eye position during, 473 
Ankle, 256, 331, 334-340, 345-349 
Aponeurosis, plantar, 259 
Antagonist, 185, 223, 471-472 
definition, 10 
Anterior horn, spinal cord, 10 
Antigravity mechanisms, 252-264 
Antigravity torque, 223 


Anxiety, effect on EMG, 182, 184, 246 


Apnea, 424 
Apparatus, 19-64 


Arches, longitudinal, of foot, 258, 340- 


345 
Arm, 265 
swinging, 385 


Artifact, movement, 51, 55 
high-frequency, 35 
Asphyxia, 426 
Asymmetric convergence, 474 
Asynchrony of motor unit contractions, 10 
Atonia, 245-249 
Atrophy, disuse, 243 
Average firing rate, 9 
Axon, 11 
impulses, 11 


Babies, hypertonic, 245, 251 
premature, 250-251 

Back, 260-262, 354-366 

Backache, 357, 365 

Bandwidth, 21, 55 

Bats, 480 

Bicycle, human, 382 

Bicycle pedaling, 317-318, 322, 348 

Biofeedback, 180 

Bite, 448-453 

Bladder, spinal reflex activity, 400 
urinary, 400-406 

Blinking, 478 

Braun, 5 

Breath-holding, 423 

Breathing, 408-428 
positive pressure, 398 


Cc 


Capacitance, 19 

Capsule, 242, 263, 275 

Cats, 242, 438, 449 

Chest, pressure gradient, 424 
Chewing, 456-459 
Childbirth, 403-405 
Chlorpromazine, effects of, 246 
Clavicle, 266 

Cleft palatal repairs, 432 
Coactivation, 223 
Cocontraction, 223-232, 475 
Common drive, 151-155 
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Common mode-rejection ratio (CMRR), E 
38, 53 

Compression of data, 108 

Computers, 57, 108 

Conditioning of signal, 108, 122 


Ejaculation, 406 
Elasticity of muscle, natural, 245 
Elbow, 263, 276-289 


Conduction velocity, 482-490 Electrode, definitions, 9 
Contraction, anisometric, definition, 9, bipolar, 9 
198 choosing, 35, 40 
ballistic, definition, 9, 136 cleaning, 34 


concentric, 9 


tant-fe , 204 ’ 
aaa Ga configuration, 36 


oscillating, 197 
reflex, muscular, 242 connectors, 26 
static, 332 location, 60 
maximal (MVC) definition, 9 pickup area, 36 
Convergence, angular, 475 quadripolar or four-filament, 26, 65, 
asymmetric, 474 104 
Coordination, 223-248 selectivity, 40 
Coreflex phenomenon, 249 = “te 
Control ti d systems, ipheral, spacing, 
on o ee ies and systems, periphera erilexion, 35 
Correlation, 104 treatment, 34 ; 
Coughing, 357, 395, 397, 399, 422, 443 Electrode-electrolyte interface, 58 
Cross-correlation, 138, 223 Electrodes, 21-64 


Cross-correlogram, 122 Beckman, 24 
Cross-exercise, 249 bipolar concentric needle, 26 


education, 249 construction, 30-31 


Cross-talk, 25, 36, 40, 60, 195 dry, 23 


Currents, input bias, 50 fine-wire, 29-33 
multielectrode, 26 


D needle, 26-36 
silver/silver chloride, 23 
Decomposition, 9, 101 single-fiber, 28 
Defecation, 400 surface, skin, 21-26 
Definitions and Standards, 8 wire, 29-33 
Delay, residual, 487-489 Electrogoniogram, 368 
Depolarization, 67 Electromyogram, effect of age, 70-72 
Detection surface, definition, 9 Electromyograph, 19-64 
Diaphragm, electromyography of, 415- Electromyographic signal definitions, 9, 65 
426 amplitude, 187 
esophageal hiatus, 422 decomposition, 101 
fatigue, 221 force, 187 
intercostal interrelationship, 423 frequency shift, 207 
motor units of, 13, 426 parameters, 65-69, 81, 91 
movement of, 415-426 power density spectrum, 85 
rat, single motor units of, 426 rectified, 69, 95 
Disc, intervertebral, 363 time domain, 91 
Disease, Parkinson’s, 385 Electromyography, apes, 316, 387 
Dislocation of humerus, 263, 273-276 fetal, 249-251, 416 
Divergence, innervational, 473 gymnastics, 265 
Dogs, 408, 424, 425, 428, 438, 440 model, 72 
Dorsiflexion, 338, 374 newborn, 249-251 
Drift, 55 ocular, 470-479 
Dubois-Reymond, 4 postural, 252-264 
Duchenne, 5 synthetic, 72 
Ductus (vas) deferens, 395 Electroneurography, 482-490 
Duration, 65 Electronics, 50 


Dyspnea, 426 Electronystagmography, 470 


Electro-oculography, 470 
Elephant, limbs of, 255 
Embryology, 249-252 
End plate, 11 
Energy, internal, 253 
Equilibrium, 253, 357 
Esophageal hiatus, 422 
Esophagus, 422 
Eversion, 331, 348 
Evolution, 316, 387 
Exercises, bilateral leg-raising, 391 
contralateral, 249 
fitness, 360 
reeducation, spinal, 363 
stress, 463 
trunk, 260, 360, 363, 392 
Exodeviation, 472 
Exotropia, intermittent, 472 
Expiration, 398, 412-422 
forced, 409 
Eyeball, 470-479 
convergence, 474 
infraduction, 475 
position, 472 
stationary, electromyogram of, 474 
supraduction, 472 
Eye-head coordination, 477 
Eyelids, 478 


F 


Fabrica, of Vesalius, 1 

Facial palsies, 459 

Fasciculation, 247 

Fatigue, 201-222, 242, 256 
clinical applications, 219-222 
diaphragmatic, 221 
extreme, subjective tremors, 203 
Fourier transforms, 204, 209 
local, 213, 219, 242 
muscle fibers, 203 
peripheral neuromuscular, 203 
power density spectrum, 207 
spectral analysis, 207 

Feedback EMG, 180, 466 

Feedback loops, 465 

Feet, 258, 340-353, 374-388 

Femur, rotation of, 249, 318, 320, 322 

Fetus, EMG of, 249-252 
muscles, 249-252 

Fiber potentials, 8 
types, 16 

Fibrillation, 247, 250 

Filter functions, 19, 45, 46 
band-pass, 21, 214 
Bessel, 89 
electrode, 46, 89 
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electrolyte, 45 
high-pass, 21 
low-pass, 21, 27, 138, 198 
matched, 104 
surface interface, 27 
tissue, 40, 89, 138, 210 
window, 21 
Fingers, 290-309 
Firing rate, average (definition), 9, 10, 
119, 120, 138 
function of force, 138, 141-149 
instantaneous (definition), 9 
plots, mean, 119, 120 
Fist, opening and closing, 242, 290-309 
Fixation, ocular, 474 
Flat feet, 259, 340-353 
FM tape recorder, 56 
Foot (see Feet) 
related to EMG, 187 
reversal, 155 
Forearm, 279-289 
pronation and supination, 276-289 
Fourier transforms, 209 
Frequency 
characteristic, 216 
cutoff, 21 
domain analysis, 99 
mean, median, and mode, 215-218 
Nyquist, 108 
range, 19-21 
window, 21 


G 


Gain, 50 
Gait, 310-325, 334-340, 367-388 
Gamma system, 127-129 
Glans penis, 407 
Glenoid cavity or fossa, 263, 268-276 
Glottis, 423, 441-446 
Goat, fetus of, 250 
Golgi organ, 129, 130 
Gravity, 230, 231, 252, 264 
line of, 254, 260-261 
Grip, 304 


H 


Hallux valgus and varus, 351 

Hand, 290-309 

Head positioning, 466 

Head turning, 467 

Heel contact, 370-379 

Heel off, 370-379 

Hemiplegia, 183, 275 

Hernia, 391, 395 

Hip, 259, 310-320, 370-377, 379-383 
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Hook lying, 238 
Horner’s syndrome, 479 
Humerus, 263, 266-276 
Hydrogen ion, 211 
Hypopharynx, 441 
Hyperpnea, 398, 424 
Hypotonia, 245-247 
Hysterics, 246 


Impedance, 19 

input, 53 

source, 53 

surface, 38 

tissue, 38, 45 
Incontinence, urinary, 405 
Inductance, 19 
Infants, 250-251 
Infraduction of eye, 475 
Inguinal canal, 395 
Inhibition reciprocal, 223, 229 
Injury current, 51 
Inspiration, 395, 409-428 
Integration, 96 
Intensity function, 120 
Interphalangeal joint, 291-294 


Interpulse interval (IPI), 73-81, 101, 132- 


137 
plots, 117 
Inversion, 337-340, 346 
ISEK defintions and standards, 8 


J 


Jaw, movements, 447-459 
muscles, 447-459 

Jitter, 11 

Joint, ankle (see Ankle) 
elbow (see Elbow) 
hip (see Hip) 
interphalangeal, 291-294 
intervertebral, 261 
knee (see Knee) 


metacarpophalangeal, 291-294 


shoulder (see Shoulder) 
subtalar, 348 
temporomandibular, 447-459 
transverse tarsal, 348 


K 


Kinesiology, 7, 8, 29, 33 
Knee, 243, 259, 318, 324-334 
cat, 243 


L 


Lactic acid, 212, 217 
Larynx, 12, 183, 441-446 
Latency, residual, 487-489 
Laughing, 423 
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Learning, motor, 168 
precision, 168 
skill, 168 
Leg, 256, 334-349, 374-384 
Leonardo, | 
Ligament, 239-244, 258, 275 
back, 260, 356 
foot, 259 
inguinal, 395 
injured, 243 
interspinous, 260, 356 
knee, 243 
posterior cruciate, 259, 332 
torn, 243 
Ligamentum flavum, 356 
Limb, hanging, 263 
lower, 256, 310, 367 
upper, 263, 265, 385 
Lips, 464 
Locomotion, 367 


M 


Macroelectrode, 28 
Mandible, 262, 447-460 
rest position, 447 
Mastication, 447-460 
Matteuci, 3 
Mean firing rate plots, 119 
Mechanoreceptors, 128 
Membrane potential, 211 
Micturition, 400-406 
Mode, common, 53 
Modeling, 21, 46, 72, 91, 207 
Monkeys, 432 
Motoneurons (see Motor neurons) 
Motor end plates, 11 
neurons, 127, 168-178 
point, 12 
unit, 10-18, 132 


action potential (MUAP), 8, 66, 72- 


80, 101, 115, 132 


action potential, amplitude, 65 
action potential, arrival plots, 116 
control, 168, 178 

control, properties, 101, 125 
decruitment, 138-148 

duration, 65 

fast-fiber (fast-twitch), 15-18 
fatigability, 15-18 

fibers, lateral spread of, 426 
firing, 111 

firing, rate, 113, 138-148 
intermingling, 15, 426 

isolation, 168-178 

jitter, 11 

potential, 8-10, 172 

properties, 72 

recruitment, 133-167, 161-162 


INDEX 
rhythm, 173 ear, 479-481 
size, 12-16 erector spinae, 260-262, 354-366, 384 


slow-fiber (slow-twitch), 15-18 
temperature effect, 178 
template, 1 10-112 
training, 168 
wave-form, 65 
trains (MUAPT), 72-80, 132-149 
trains (MUAPT), time domain, 115 
Motor neurons, alpha and gamma, 128 
Mouth, 429-435 
angle, 461-462 
opening of, 453 
Movement, ballistic, 225-228 
rapid, 225 
sign of life, 1 
Multielectrode, 12-lead, 26 
Muscle, abdominal, 262, 389-407 
abductor, digital minimi (quinti), 140, 
297-305 
hallucis, 341-345, 351 
pollicis, 297-305 
vocal cords, 441-446 
adductor, hallucis, 351 
hip, 380, 391 
pollicis, 297-305 
agonist (see Agonist-antagonist) 
anal sphincter, 399, 406 
anconeus, 280, 286 
antagonist (see Antagonist) 
anterior tibial, 139, 256, 334-340, 374- 
377, 382 
antigravity, 252-264 
arytenoideus, 442 
back, 260-262, 354-366 
biceps, 14, 139, 240, 263, 272, 276-286 
femoris, 320-321, 380 
brachialis, 186, 276-286 
brachioradialis, 263, 276-286 
buccinator, 432, 461 
bulbocavernosus, 402, 405 
calf, 256, 334-340, 345-349, 374-379 
cloacal, 402 
cocontraction, 223-475 
contraction (see Contraction) 
constrictors of pharynx, 12, 13, 426- 
441 
corrugator supercilii, 185 
cricoarytenoid, 441-446 
cricopharyngeus, 441-446 
cross-education, 229, 331 
crural, 334-349 
deltoid, 263, 268-270, 271-272 
detrusor, 406 
diaphragm (see Diaphragm, 
electromyography of) 
urogenital, 398-405 
digastric, 431-453 


expression, 459-464 
extensor carpi radialis brevis, 290 
extensor carpi radialis longus, 290 
extensor carpi ulnaris, 290 
digitorum, 140, 290-294 
digitorum brevis, 353 
digitorum longus, 348-353 
great toe, 351-352 
hallucis, 351-352 
external anal sphincter, 399 
oblique, 389-398 
oblique, in dogs, 407 
extraocular, 14, 470-479 
eye, 470-479 
facial, 459-464 
fatigue, 201-222 
fetal, 249-252 
fiber, 10-18 
bag and chain, 127 
classification, 16-18 
conduction, velocity, 210 
fast, 16-18, 197 
slow, 16-18, 197 
types, 16-18 
flexor carpi radialis, 290 
digitorum brevis, 345, 349, 379 
digitorum profundus, 291-295 
digitorum superficialis, 291-295 
elbow, 263, 276-280 
finger, 291-294 
hallucis brevis, 349 
hallucis longus, 345, 378 
hip joint, 310-313 
pollicis brevis, 297-308 
floor of mouth, 429 
foot, 258, 340-353, 374 
forearm, 264, 281-289 
frontalis, 185, 463 
gastrocnemius, 14, 256, 335-340, 379 
genioglossus, 429-431 
geniohyoid, 430 
gluteal, 258, 315-316 
gluteus maximus, 234, 258, 313, 315- 
316, 380, 381 
medius, 258, 316, 381 
minimus, 258, 316, 381 
gracilis, 232, 320, 323 
hamstrings, 233, 320-321, 372, 373 
hand, 290-309 
head, 429-435, 447-466 
hip, 258, 310-324 
hyoid bone in monkeys, cats, and dogs, 
438 
hypothenar, 296-306 
iliocostalis, 354-361 
iliopsoas, 234, 259, 310-313, 380 
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Muscle, abdominal—continued 
infant, 250-251 
infraspinatus, 240, 268, 269, 273 
inspiratory, 408-423 
interarytenoid, 442 
intercostals, 262, 408-428 
dogs, 428 
internal oblique, 389-398 
dogs, 428 
sphincter, 399 
interossei, 140, 291-296 
ischiocavernosus, 407 
ischiourethalis, 407 
jaw, 262, 447-459 
laryngeal, 12, 14, 138, 441-446 
cats, 441 
dogs, 428, 441 
monkeys, 441 
lateral rectus, 14, 472, 475-476 
latissimus dorsi, 270-271, 426 
leg, 256, 334-347, 374-379 
levator ani, 402-403 
nasolabialis, in dogs, 423 
palati, 432-439 
palpebrae superioris, 478 
scapulae, 267 
lip, 461-463 
longissimus, 360, 385, 467 
longus cervicis and colli, 467 
lumbricals of hand, 14, 291-295 
masseter, 262, 452-457 
dogs, 457 
mastication, 262, 447-457 
mechanics, 223-244 
mentalis, 460 
middle ear, 479-481 
mouth, 429-435 
multifidus, 360, 361, 385 
mylohyoid, 429, 431 
neck, 260, 447, 466-469 
nostril, of dog, 428 
obliques of abdomen, 389-398, 426 
eye, 471-473 
opponens pollicis, 295-308 
orbicularis oculi, 459, 478 
oris, 461-462 
palate, 432-435 
soft, in rabbits, 432 
palatoglossus, 434 
palatopharyngeus, in monkeys, cats, and 
dogs, 435 
“paying out,” 355 
pectineus, 319 
pectoral, 266, 267, 426 
pectoralis major, 266, 269 
pelvic floor, 403-407 
penile, 406 


perineal, 398-407 
peroneal, 256, 259, 334-349 
peroneus brevis, 334-348 
peroneus longus, 334-348, 378 
pharyngeal, 12, 435-441 
cats, 435, 438 
dogs, 435, 438 
monkeys, 435, 438 
rabbits, 436 
plantar flexors, 334-340, 345-349 
plantaris, 345-347 
platysma, 466 
popliteus, 259, 332-334 
posterior cricoarytenoids, 445 
postural, 252-264, 310-366, 409, 448, 
467-469 
procerus, 463 
pronators, 281-285 
quadratus, 281-285 
teres, 280, 281-285 
psoas 
dogs, 457 
pterygoid, lateral, 453-456 
medial, 453-456 
pubococcygeus, 402, 404 
puborectalis, 400 
quadriceps femoris, 243, 258, 324-332, 
372, 381 
lumborum, 385, 423 
receptor 5 (other), 132 
rectus abdominis, 262, 385, 389-403 
dogs, 428 
eye, 14, 471-478 
femoris, 232-239, 321, 324-332, 372, 
381 
sheath of, 391 
relaxation, 180, 182 
respiratory, 408-423 
accessory, 423, 426 
rhomboid, 268, 385 
risorius, 461 
rotator cuff, 242, 268-276 
rotatores, 360, 361-366 
sacrospinalis, 256, 261, 354-366 
sartorius, 232, 323-324, 380 
rabbit, 14 
scalenes, 262, 409-412, 426 
anterior, in dogs, 428 
scutularis, dogs, 428 
semimembranosus, 320-321, 380 
semispinalis, 354-364, 468 
dog, 428 | 
semitendinosus, 232, 320-321, 380 
serratus anterior, in dogs, 267, 426 | 
serratus inferior, in dogs, 428 
serratus posterior, in dogs, 428 
serratus superior, in dogs, 428 | 


shoulder, 240, 263, 265-276, 426 
shunt, 280 
soleus, 256, 334-340, 346, 347, 372 
spastic, 245, 248 
speech, 441-447, 461 
sphincter ani externus, 399, 406 
larynx, 441, 446 
pharynx, 435-440, 441 
urethrae, 400-406 
spinalis, 354 
spindles, 127, 130, 354 
splenius, 428, 468 
stapedius, 14, 479-480 
sternocostalis, 415 
sternomastoid, 262, 409, 426, 466 
subcostalis, 415 
subscapularis, 270, 385 
supinator, 285-287 
“longus” (brachioradialis), 279, 280 
suprahyoid, 469 
supraspinalis, in dogs, 428 
supraspinatus, 185, 240-242, 263, 268, 
274, 257, 385 
synergist (see Synergist) 
temporalis, 262, 448-452, 457 
tensor fasciae latae, 310, 313, 380 
palati, 432-437 
tympani, 14, 479-481 
teres major, 270-271, 385 
teres minor, 270 
thenar, 296-306 
thigh, 258, 317-334, 380 
thumb, 296-309 
thyroarytenoid, 442 
tibial, 256, 257, 335-349 
tibialis anterior, 139, 256-257, 334-345, 
372, 374-377 
posterior, 341, 377-378 
tissue turgor, 245 
tone or tonus, 245, 264 
tongue, intrinsic and extrinsic, 429-432 
posterior intrinsic, in cats, 435 
posterior intrinsic, in dogs, 435 
posterior intrinsic, in monkeys, 435 
transversus abdominis, 389-393 
dogs, 428 
transversus thoracis, 415 
trapezius, 11, 265, 267-268, 426, 469 
triceps brachii, 240, 263, 280, 287-289 
triceps surae, 334, 340, 379 
trunk, 260, 384, 389-407 
two-joint, 232-239, 372 
upper limb, 263-309 
urethral sphincter, 400-406 
vasti, 234-238, 258, 324-334, 381, 384 
vertebral, 354-366 
vocal cords, 441-446 
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vocalis, 442, 445 

wrist, 290-296 
Myoelectric signal (definition), 9 
Myoneural junction, 11 


N 


Neck, 466-469 
Nerve, articular, 243 
conduction velocity, 482-490 
fiber, 11, 12, 128 
gamma, 128 
median, 485 
peroneal, 485 
phrenic, 425 
pudendal, 405 
radial, 485 
spindle afferent, 128 
tibial, 485 
ulnar, 485 
vagus, 423 
Nobili, 3 
Noise, a-c and d-c, 50 
frequency components, 38 
perturbing components, 52 
Nomenclature, 65 
Nyquist frequency, 108 


Oo 


Occlusion, 447-456 
Ocular fixation 
movements, 471-476 
Oersted, 3 
Opposition, 296-309 
Orbital cavity, 470 
Organ, Golgi, 128, 130 
Oscillations, saccadic, 471 
Ossicles, of ear, 480 


P 


Pacinian corpuscles, 132 
Palate, 432-435 

cleft, 432 
Pelvis, 310 

floor, 398-405 

rotation, 393 
Pen recorders, 56 
Perineum, 398-407 
Peripheral control system, 125 
Pharynx, 435-441 
Phase (definition), 9, 65 
Phonation, 441-446 
Plots, mean firing rate, 119 
Pool, motoneuron, 127, 152 
Posture, 252-264 

asymmetric working, 256 
Potentials, amplitude of, 9 
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Potentials, amplitude of,—continued 
fiber, 39 
fibrillation, 247, 250 
polarization, 51 
power density spectrum, 209 
retinal, 470 
spontaneous (see Fibrillation) 
synchronization, 120, 137, 206 
Potentiation, twitch, 149 
Power density, 209 
function, 85, 208 
spectrum, 85, 208 
Pre-expiration, 419 
Pre-inspiration, 417 
Pressure, chest, 422 
Primates, 387 
Prime movers (see Agonists) 
Probability, 110 
Progression, ordered, 157, 160 
Pronation, 281-289 
Proprioception, 115-140 
Prosthesis, 26 
Ptosis of eyelid, 479 
Push-off, 369, 373, 379 


Q 


Quadrupeds, posture of, 255 
Quotient, gain-bandwidth, 55 


R 


Rate, firing, 9, 77, 138 
Ratio, signal-to-noise, 52 

common mode rejection, 53 
Reciprocal inhibition, 223, 229 
Receptors, muscle, 127 
Recorder, inkwriting, 56 

strip chart, 56 

tape, 56 

ultraviolet (uv), 56 


Recruitment, 85, 157, 161-162, 195, 197 


Rectification, 95 
Redi, 1 
Reflexes acoustic, 480 
labyrinthine, 230 
mandibular, 457 
myotatic, 230 
plantar, 353 
respiratory, 425 
stretch, 231-232 
tonic neck, 230, 465 
Relaxation, general, 182 
specific, 183 
Renshaw cells, 125, 131, 163, 164 
Resistance, 19 
Respiration, 408-428 
RMS (root mean square), 97 
Running, 384 
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Ss 


Saccadic eye movement, 471 
Sampling of data, 108 
Schweiger, 3 
Scoliosis, 354 
Shape (definition), 9, 65 
Sherrington’s postural tonus, 247 
Shot put, 272 
Shoulder, 239, 263, 265-272, 385 
abduction, 268 
girdle, 265-268 
region, 265-268 
Shrugging, 266 
Signal acquisition, 104 
Sit-up, 311, 392 
Skin, abrasion, 23 
Sleep, 184-185, 435, 447,473 
Smoothing, 95 
Snoring, 423 
Spasticity, 179, 248 
Spectrum, power density, 85-94 
Speech, low pitched, 415, 442 
apparatus and EMG feedback, 183 
palatial activity, 433-435 
research, 464 
silent, 442 
stuttering, 183 
Spindle, muscle, 127-130, 131 
Spirometry, 326, 339-358 
Square error separation, 104 
Squatting, 254-255, 257 
Stance, 292, 306, 394 
Standards, 8 
Stuttering, 183, 464 
Supination, of forearm, 281-289 
Susceptance, 19 
Swallowing, 429-441, 467 
Syllabication, 479 
Synchronization, 120, 137, 206 
Syndrome, Horner’s, 479 
Synergies, forearm-hand, 289 
Synergist, 228 
definition, 10 


T 


Techniques, 19-64 

Template, 104, 110, 112, 124 

Terminology, 8 

Tetraplegics, 425 

Thorax, 262, 408-428 

Thumb, 295-309 

Tibia, flexion of, 320, 323, 332-324 
lateral rotation, 320, 332-334 
medial rotation, 320, 332-334 
stabilizing, 368 

Time domain analysis, 115 

Time duration (definition), 9 


Toe-off, 348-350, 372 

Tone or tonus (see Muscle, tone or tonus) 
Tongue, 429-432 

Training biofeedback, 180-1 86 

Trains (MUAPT), 115 
Trigger-averaging, 28, 115 

Transfer functions, 19, 197 

Tungsten filament, 29 

Turns counting, 98 

Twitch potentiation, 149 


U 


Ulna, abduction of, 288 
Units, terms, and standards, 8 
Urethra, 400-405 


Vv 


Vagina, 403-405 
Velocity, conduction, 482-490 


INDEX 


VEMG (vibration EMG), 354 
Vertebral column, 260-262, 354-366 


Vesalius, 1 
Vocal cord (and fold), 441-446 
Volta, 1-3 
Voltage decrement, 38, 58 
WwW 
Walking, 367-388 
cycle, 370 
Wave form, 9 
Wrist, 264, 290 
x 


Xenon-133 clearance, 212 


Z 
Zero crossings, 98, 215 
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